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ABSTRACT 
 All odontoctes (toothed whales and dolphins) studied to date have been shown to 
echolocate. They use sound as their primary means for foraging, navigation, and communication 
with conspecifics and are thus considered acoustic specialists. However, the vast majority of 
what is known about odontocete acoustic systems comes from only a handful of the 76 
recognized extant species. The research presented in this dissertation investigated basic 
characteristics of odontocete hearing and echolocation, including auditory temporal resolution, 
auditory pathways, directional hearing, and transmission beam characteristics, in individuals of 
five different odontocete species that are understudied. Modulation rate transfer functions were 
measured from formerly stranded individuals of four different species (Stenella longirostris, 
Feresa attenuata, Globicephala melas, Mesoplodon densirostris) using non-invasive auditory 
evoked potential methods. All individuals showed acute auditory temporal resolution that was 
comparable to other studied odontocete species. Using the same electrophysiological methods, 
auditory pathways and directional hearing were investigated in a Risso's dolphin (Grampus 
griseus) using both localized and far-field acoustic stimuli. The dolphin's hearing showed 
significant, frequency dependent asymmetry to localized sound presented on the right and left 
sides of its head. The dolphin also showed acute, but mostly symmetrical, directional auditory 
sensitivity to sounds presented in the far-field. Furthermore, characteristics of the echolocation 
transmission beam of this same individual Risso's dolphin were measured using a 16 element 
hydrophone array. The dolphin exhibited both single and dual lobed beam shapes that were more 
directional than similar measurements from a bottlenose dolphin, harbor porpoise, and false 
killer whale. 
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CHAPTER 1 
 INTRODUCTION 
1.1 General evolutionary history of cetaceans  
 The term "marine mammals" is a broad categorization used to describe a polyphyletic 
group of mammals that have evolved amphibious or obligate aquatic lives. The term generally 
refers to five primary groups, including  the suborder Mysticeti (baleen whales), Odontoceti 
(toothed whales and dolphins), order Sirenia (manatees and dugongs), suborder Pinnipedia 
(seals, sea lions, walruses) and polar bears (Ursus maritimus). The former three groups have 
evolved to be completely dependent on an aquatic environment for survival, whereas the latter 
groups are amphibious and lead only partially aquatic lifestyles. Odontocetes, together with 
Mysticetes, are suborders that form the order Cetacea, or cetacean marine mammals.  
 Modern cetaceans evolved from a group of primitive whales called Archaeocetes that 
lived between 55-33 million years ago. Archaeocetes first diversified in near-tropical shallow 
waters around 45-53 million years ago and spread into temperate waters around 40 million years 
ago. In the five identified archaeocete families (Pakicetidae, Ambulocetidae, Remingtonocetidae, 
Protocetidae, and Basilosauridae; Williams 1998), the ancestral transition from animals that are 
amphibious to those that are fully aquatic is evident in their body forms. Earlier archeocetes 
exhibit four strong external limbs and narrow tails, while later archeocetes begin to show shorter 
limbs, often significantly reduced hind limbs, and stronger tails with flattened vertebra (Fordyce 
and Barnes 1994). Additionally, the skull began to el0ngate and the nostrils begins to migrate 
dorso-caudally along the top of the skull in a process known as telescoping (Rommel et al. 2009) 
At this time, the radiation of these animals included shifts from riverine and near shore 
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environments to fully oceanic habitats. It is believed that this initial radiation was influenced 
primarily by local marine productivity (Gingerich 2005) and possibly the need for protection 
(Thewissen et al. 2007). A second major radiation occurred 37 to 27 million years ago involving 
the fully aquatic Neoceti, or the crown group Cetacea. It is during this radiation that filter feeding 
arose in mysticete cetaceans with the progressive evolution of baleen (Fordyce and Barnes 1994) 
and echolocation arose in odontocetes. These feeding strategies have not been documented in the 
preceding archaeocetes. Around the same time, the ancient supercontinent of Gondwana was 
breaking up, the Southern Ocean was opening, and there was an increased temperature gradient 
forming from the tropic to polar regions, suggesting that the radiation of cetaceans and the 
evolution of echolocation and filter-feeding strategies arose as a response to new ecological 
opportunities (Thewissen and Hussain 1998; Lindberg and Pyenson 2007; Berger 2007). A third 
major radiation approximately 10 to 12 million years ago brought about the existence of 
"modern" mysticetes and odontocetes. The extant suborder Mysticeti is comprised of four 
families, encompassing 14 currently identified species. In contrast, the extant suborder 
Odontoceti is more diverse,  comprised of 10 families and at least 76 identified species across 
three primary clades (Bannister 2009; Fordyce 2009; Hooker 2009; Committee on taxonomy 
2014)  
 While most terrestrial mammals and, likely, cetacean terrestrial ancestors, utilize 
olfaction and vision as their primary sensory modalities, light attenuates very quickly in water 
and airborne odors are likely irrelevant to an animal that lives and feeds underwater. In contrast, 
the increased density of water causes sound to travel more quickly and to attenuate less than 
sounds traveling through air (Urick 1983). As cetacean ancestors adapted to obligate aquatic 
lives to exploit marine resources, the utilization of visual and olfactory sensory systems became 
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less essential, while exploitation of the favorable acoustic properties of water became more 
advantageous. Thus, cetaceans have evolved to be acoustic specialists. This is particularly 
evident in odontocetes, the only marine mammal group that possess the capability to echolocate, 
which they use as their primary mean for foraging, orientation, and navigation. As a result, 
odontocetes have undergone the most extensive adaptation to exploit the favorable properties of 
acoustic transmission in water and are the focus of this dissertation. 
1.2 Odontocete hearing 
 Odontocetes exhibit a range of auditory adaptations to accommodate acoustic signal 
reception in water, which places different constraints due to increased pressure and sound speed 
of water over air. To better illustrate the adaptive changes that the odontocete auditory system 
has undergone in relation to terrestrial mammals, a basic review of the typical process of hearing 
in terrestrial mammals is useful. A commonly used definition of "hearing" is given by Wever 
(1976) as "...the response of an animal to sound vibrations by means of a special organ for which 
such vibrations are the most effective stimulus." In a typical terrestrial mammal, pressure 
changes in air are funneled via external auditory pinnae into the outer ear canal and vibrate the 
tympanic membrane. In turn, tympanic vibrations cause coupled vibrations of the middle ear 
bones (maleus, incus, and stapes), which vibrate the oval window at the base of the fluid filled 
inner ear. The resulting vibrations in the fluid of the inner ear cause deformations and vibrations 
along the basilar membrane inside the cochlea, which cause inner hair cells to fire at specific 
locations, generating a electric nerve potential that propagates along the auditory nerve (also 
called the VIII nerve) and the auditory centers of the brain where the nerve potentials are 
processed and perceived by the animal.  
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 While much of this hearing process is conserved in odontocetes, they exhibit extensive 
differentiating adaptations for hearing in water which are most evident in their gross anatomy  
(Ketten 1992). All parts of the outer, middle, and inner odontocete ear have undergone 
modification. External pinnae are absent in odontocetes. The outer ear canal, also called the 
auditory meatus, is filled in with cellular debris and dense cerumen and ends in a blind caecum 
that is not connected with the tympanic membrane or ossicles. The cetacean ear is comprised of 
two connected bony bulla that together form the tympano-periodic complex and house the 
middle and inner ears. In odontocetes, the tympano-periodic complex is attached to the outside of 
the skull with suspensory ligaments. No bony connections to the skull are present, in contrast to 
other mammals. Together with the thickening of the skull as a result of telescoping, the lack of 
bony connection between the inner ear and skull renders the odontocete inner ear isolated from 
the possibility of sound reception via bone conduction and limits the number of pathways via 
which sound can enter into the auditory bulla (McCormick et al. 1970; Oelschläger 1986). While 
odontocetes possess three middle ear ossicles similar to land based mammals, little is known 
about whether or not they function in the same manner as terrestrials mammals. Odontocete 
ossicles are complex, very dense, and likely stiff (Nummela et al. 1999b). Instead of being 
connected to the tympanic membrane, the malleus is connected via a bony ridge to the thin 
lateral wall of the bony tympanic bulla. It is hypothesized that this thin bony wall serves an 
analogous function to the tympanic membrane in terrestrial mammals (Hemilä et al. 1999; 
Nummela et al. 1999a). The inner ear, housed in the periodic bulla, consists of the greatly 
reduced vestibular system and cochlea which is arranged in the same fundamental way as all 
mammalian inner ears. Yet, all elements of the organ of Corti (the organ of hearing) are larger 
and more densely packed than other mammals. The ratio of inner hair cells to spiral ganglion 
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cells (the supporting cells that connect the hair cells to the auditory nerve) is greatly increased in 
odontocetes versus humans. The fibers of the auditory, or VIII, nerve, show increased thickness 
and are more numerous than in most terrestrial mammals (Ketten 2000). Finally, odontocete 
brains show hypertrophy of the auditory areas which is largely responsible for their generally 
increased brain size (Oelschlager and Kemp, 1998).  
 Coinciding with changes to the gross anatomy of the hearing apparatus, the pathway by 
which sounds travel to the odontocete inner ear differ from terrestrial animals as well. First 
proposed by Norris (1968), it is a widely accepted hypothesis that fat pads found in the lower jaw 
of odontocetes act as an acoustic window for channeling sound to the inner ear. Since then, 
multiple studies have provided supporting evidence for the mandibular hearing hypothesis (e.g. 
Bullock et al. 1968; McCormick et al. 1970, 1980; Norris and Harvey 1974; Brill et al. 1988; 
Brill and Harder 1991; Møhl et al. 1999; Nachtigall et al. 2008). Evidence has also been found 
for additional, frequency dependent pathways around the auditory meatus (Popov et al. 2008) 
and gullar region along the ventral neck (Cranford et al. 2008; Mooney et al. 2015; Popov et al. 
2016), leading to a hypothesis for multichannel sound reception in odontocetes (Popov and Supin 
1990b; Popov et al. 1992a, 2008, Ketten 1994, 2000) 
 In addition to anatomical adaptation for sound reception in water, odontocetes also 
exhibit acute mechanistic and perceptual auditory capabilities. These include auditory sensitivity 
across a broad range of frequencies, high auditory temporal resolution, keen sensitivity to inter-
aural time and intensity differences, and the ability to localize small spatial differences in sound 
source locations. Audiograms have been measured from 17 species of odontocete, which 
generally exhibit functional sensitivity from low frequencies of below 1 kHz to above 150 kHz 
in some species (Johnson 1966; Pacini and Nachtigall 2016), giving them the broadest hearing 
6 
 
range of any mammalian group (Ketten 1992). The auditory temporal resolution has be described 
in 9 species thus far, which all have shown the ability to follow acoustic stimuli that are 
temporally modulated at rates of up to and exceeding 1500 Hz in some species (e.g. Mooney et 
al. 2011; Linnenschmidt et al. 2013). Odontocetes also have also been shown to be able to 
discriminate differences in the location of a sound source as small as 2.1° when listening to pure 
tone acoustic signals (Renaud and Popper 1975). When listening to a sound source that produced 
broadband clicks, the bottlenose dolphin showed an even more impressive ability to discriminate 
differences in the source location as small as 0.7º and 0.9º in the vertical and horizontal planes, 
respectively (Renaud and Popper 1975). It is still not well understood how odontocetes 
accomplish this feat. Experiments have revealed that a bottlenose dolphin is capable of 
discriminating inter-aural time and intensity difference thresholds below 7 µs and 1 dB, 
respectively (Moore et al. 1995), suggesting that binaural cues are utilized in a similar manner to 
many terrestrial mammal species (Supin and Popov 1993; Moore et al. 1995).   
1.3 Odontocete echolocation 
 The previously described auditory adaptations  all play key roles in allowing odontocetes 
to successfully use echolocation extensively in their aquatic environment for forging, spatial 
orientation and navigation. All odontocetes studied to date have been shown to echolocate. 
While the ability has not been demonstrated empirically in all species, pulsed, echolocation-like 
signals have been recorded from the vast majority of species in the wild. It is generally accepted 
that all species have the capability to echolocate. Odontocete echolocation clicks that have been 
observed fall into three general categories: short broadband high-frequency (BBHF) clicks, 
narrowband high-frequency (NBHF) clicks, and frequency modulated (FM) upsweeps (Fenton et 
al. 2014). Although broadband, the echolocation clicks of sperm whales are concentrated at 
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much lower frequencies than other odontocetes (Goold and Jones 1995; Møhl et al. 2000) and 
thus do not fall into any of the three general categories. NBHF clicks are produced by a limited 
number of smaller odontocete species such as the harbor porpoise (Phocoena phocoena), 
Commerson's dolphin (Cephalorhynchus commersonii), Hector's dolphin (Cephalorhynchus 
hectori), Dall's porpoise (Phocoenoides dalli), and pygmy sperm whale (Kogia breviceps). 
Beaked whales are the only odontocetes known to produce FM clicks, which has been 
documented in eight different beaked whale species (Baumann-Pickering et al. 2013). The 
majority of odontocete species produce BBHF clicks. 
 Echolocation in odontocetes requires highly specialized features for the production and 
transmission of acoustic signals. Typical odontocete echolocation signals are short, ultrasonic 
sounds generated with specialized tissues located within the enlarged nasal complex (Ridgway 
et al. 1980; Mackay and Liaw 1981; Cranford 1992; Cranford et al. 1996; Aroyan et al. 2000) . 
The produced click is directed out the front of the melon in a directional beam. Multiple 
structures in the head are responsible for creating this high directivity. Directly posterior to the 
sound generators in the odonotocete head are air sacs overlaying the concave skull (Cranford et 
al. 1996). These sacs act as acoustic reflectors for the generated sounds and redirect acoustic 
energy anteriorly towards the melon (Aroyan et al. 1992). The composition and layering of 
acoustic fats within the melon further collimate the sound towards the anterior forehead and 
also act as an impedance matching device for sound traveling into the water (Norris and 
Harvey 1974; Litchfield and Greenberg 1974). Furthermore, the melon is surrounded by a 
collection of muscles and tendons (Mead 1975; Heyning 1989; Cranford et al. 1996; 
Huggenberger et al. 2009), which have been suggested to have the ability to change the 
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directional properties of the emitted sonar beam (Kloepper et al. 2012a; Cranford et al. 2014; 
Jensen et al. 2015). 
 The echolocation systems of all species studied to date show acute capabilities for 
acoustically detecting and discriminating between different targets. Target detection is of the 
most basic and important capability for a biosonar system. Experiments with trained bottlenose 
dolphins (Tursiops truncatus) and a false killer whale (Pseudorca crassidens) in Kaneohe Bay, 
Hawaii, have shown that these species are capable of detecting small metal spheres up to at 
least 113 meters away (Au and Snyder 1980; Murchison 1980; Thomas and Turl 1980). 
Bottlenose dolphins are able to detect targets in the presence of acoustic reverberation (Titov 
1972; Murchison 1980; Au and Turl 1983; Turl 1991). This capability is also evident in wild 
bottlenose dolphins and Atlantic spotted dolphins (Stenella frontalis), which have been observed 
to use echolocation to detect prey buried in the sand of the sea floor (Herzing 1996; Rossbach 
and Herzing 1997). Additionally, experiments with captive animals have shown that multiple 
odontocete species are capable of numerous levels of discrimination between different targets, 
including targets at different ranges (Murchison 1980), targets of different material composition 
(Evans and Powell 1967; Evans 1973; Au and Hammer Jr 1980; Schusterman et al. 1980; Turl et 
al. 1991), targets of different shapes (Bagdonas et al. 1970; Nachtigall et al. 1980), and 
cylindrical targets of different wall thickness (Titov 1972; Au and Pawloski 1992). 
1.4 Rationale and research goals 
 The vast majority of what is known about the hearing and echolocation capabilities of 
odontocetes comes from a limited number of species: the bottlenose dolphin (Tursiops 
truncatus), false killer whale (Pseudorca crassidens), harbor porpoise (Phocoena phocoena), and 
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beluga (Delphinapterus leucas). This is largely due  to the fact that such research requires the 
cooperation of trained individuals in a captive experimental setting, and these species are the 
most common odontocetes found in captivity around the world. Aspects of hearing and 
echolocation in additional species have increasingly been collected opportunistically from 
individuals that have stranded and been rehabilitated, often representing species for which little 
to no data exist. While such research has revealed that there are many similarities between the 
acoustic systems of odontocetes in general, there are likewise differences in both sound reception 
and transmission between species. However, due to the low sample size of individuals and 
species studied, it is difficult to connect these differences to any specific attribute of the animal's 
biology such as echolocation signal characteristics, head morphology, or differences in ecology. 
 Links between acoustic systems and anatomy are essential for understanding the 
evolutionary processes that shaped these systems (Stebbins and Sommers 1992) and can 
elucidate ecological factors that influenced the morphology of acoustic structures (Branstetter 
and Mercado III 2006). Comparative analysis of functional morphology and acoustic systems of 
echolocating bat species has provided a wealth of knowledge concerning the evolution of 
echolocation in bats and the selection pressures that shaped it (Bruns et al. 1989; Obrist et al. 
1993; Fuzessery 1996; Bogdanowicz et al. 1999; Fenton and Bogdanowicz 2002; Huihua et al. 
2003; Jones and Teeling 2006; Jones and Holderied 2007). Conversely, in-depth comparative 
analysis of acoustic systems in odontocetes is difficult due to the limited number of species and 
individuals studied. Analysis of unique structures and acoustic systems in previously 
undescribed species is essential for more powerful comparative analysis.  
 The goal of the following dissertation research was to opportunistically describe basic 
characteristics of the hearing and echolocation systems in odontocete species that have been little 
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studied to date and that exhibit a broad range of acoustic, morphological, and ecological 
characteristics. Specifically, this research aimed to: 
1) describe the auditory temporal resolution of four different stranded odontocete species.   
2) describe characteristics of acoustic reception and directional hearing in a Risso's dolphin 
 (Grampus griseus) 
3) describe the spatial transmission beam characteristics of a Risso's dolphin. 
1.5 General overview of study species 
A. Risso's dolphin (Grampus griseus) 
 The Risso's dolphin is a medium sized delphinid that is found along deep ocean canyons 
and continental shelves in both temperate and tropical water (Leatherwood et al. 1980). They 
usually travel in pods of up to 50 individuals and are often seen interacting with other cetacean 
species. Information on the life history and reproductive behavior for this species is relatively 
limited. Individuals are thought to become sexually mature between 8 and 12 years of age, and 
adults can live to be at least up to 35 years old (Amano and Miyazaki 2004). Analyses of 
stomach contents from stranded individuals suggest these animals feed primarily on oceanic and 
neritic squid (Clarke and Pascoe 1985; Cockcroft et al. 1993; Blanco et al. 2006), which are 
found at depths of 600-800 m (Quetglas et al. 2000). This indicates that Risso's dolphins are deep 
divers capable of foraging at those depths, although no study on diving behavior has yet been 
done. A unique morphological feature common to all individual Grampus is a visually clear 
bifurcation in the anterior face of the melon (Leatherwood et al. 1983). This anatomical feature is 
not present in any other odontocete species, and its function is unknown. The hearing and 
echolocation systems of G. griseus remain little studied in controlled experimental settings 
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compared to other species such as the bottlenose dolphin, beluga whale, false killer whale, and 
harbor porpoise. Audiograms (Nachtigall et al. 1995, 2005), auditory temporal resolution 
(Mooney et al. 2006), and hearing pathways (Mooney et al. 2015) have been investigated in a 
few individuals. 
B. Spinner dolphin (Stenella longirostris) 
 Spinner dolphins (Stenella longirostris) are small delphinid odontocetes that are generally 
found in pantropical, pelagic waters, in large pods that can exceed 1000 individuals (Perrin et al. 
2005). Adults reach up to 2.35 m in length, and are generally characterized by dark to lighter 
shades of grey on the dorsal and ventral sides, respectively, which fade to a white ventral surface 
(Perrin 2009). They possess a notably long and slender beak that leads to a sloping melon that 
only slightly protrudes on the forehead, similar in form to common bottlenose dolphins. Their 
common name derives from their common acrobatic jumping behavior wherein an animal can 
spin multiple times in quick succession, although the function of this spinning behavior is not 
fully understood. This species exhibits predictable behavioral patterns by cooperatively feeding 
at night on small individual mesopelagic prey in open ocean water (Fitch and Brownell Jr. 1968; 
Norris and Dohl 1980; Perrin et al. 1999) and then resting in shallow, sheltered bays during the 
daytime (Norris and Dohl 1980). Despite the fact that they are found around in the world in all 
tropical and subtropical waters and also commonly encountered in the wild by humans, little is 
known about their hearing and echolocation systems. Audiograms have been collected from two 
stranded individuals (Pacini et al. 2016). Echolocation characteristics and behavior have also 
been documented from field recordings with free ranging animals (Lammers et al. 2004a; 
Schotten et al. 2004) 
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C. Pygmy killer whale (Feresa attenuata) 
 The pygmy killer whale (Feresa attenuata) is a delphinid odontocete that has been 
recorded in both tropical and subtropical waters throughout the world. In physical appearance, 
they are a medium to small sized, reaching average adult lengths of 2.31 m, with a dark grey to 
black skin coloration. They lack a protruding beak commonly found in dolphins (Donahue and 
Perryman 2009). While no studies have been conducted on feeding behavior, analysis of stomach 
contents from stranded individuals and fisheries-bycatch indicate small squid and fish consist of 
at least part of their diet (Mignucci-Giannoni et al. 2000). Echolocation signals have been 
recorded from some free-ranging individuals in the wild (Madsen et al. 2004a), and the 
audiogram has been measured in two individuals (Montie et al. 2011). In general, much of their 
biology and behavior is unknown, and they are one of the least studied small cetacean species. 
D. Long-finned pilot whale (Globicephala melas) 
 The long-finned pilot whale is one of two existing pilot whale species, the other being the 
short-finned pilot whale (Globicephala macrorhynchus). Pilot whales are medium sized 
odontocetes that can reach up to 6 meters in length. Generally black in color, they possess a very 
small or indiscernible beak as well as a large, bulbous melon. These animals are deep-diving 
odontocetes (Baird et al. 2002; Heide-Jorgensen et al. 2002) that are found in both pelagic and 
nearshore waters in tropical, subtropical, and temperate environments, depending on the species. 
G. melas generally inhabit cold temperate waters of the North Atlantic and Southern Ocean. 
Consistent with their deep-diving behavior, pilot whales feed primarily on oceanic squid, and to 
a lesser extent, fish (Gannon et al. 1997). Behaviorally, they are a social species, occurring in 
pods of between 20-90 individuals in size and are often seen interacting with other species in 
13 
 
mixed aggregations (Olson 2009). Only a single audiogram has been described for G. melas  
(Pacini et al. 2010), and echolocation clicks have been described from recordings of free-ranging 
individuals (Eskesen et al. 2011). 
E. Blainville's beaked whale (Mesoplodon densirostris) 
 Beaked whales are a cryptic group of deep-diving pelagic odontocetes belonging to the 
family Ziphiidae. Due to their deep diving behavior, they spend only short amounts of time at the 
surface to breathe. Thus it is very difficult to locate and collect data on their behavior. Although 
increased effort has been undertaken in recent years to better understand the biology, behavior, 
and distribution of these animals (Cox et al. 2006), relatively little is known about the 22 species 
of beaked whale, including Blainville's beaked whale.  
 In general, beaked whales are documented deep divers, capable of diving down to depths 
exceeding 2000 meters to search for prey (Johnson et al. 2004; Zimmer et al. 2005; Tyack et al. 
2006; Arranz et al. 2011) which consists primarily of squid and some fish species (Ohizumi et al. 
2003). In appearance, they are medium to large sized odontocetes, with individuals ranging in 
size from 3 to 13 meters in length depending on the species. They exhibit pronounced rostrums 
that blend smoothly into an unpronounced melon. The echolocation behavior of multiple species 
has been documented using suction cup archival tags and passive acoustic monitoring (Johnson 
et al. 2004, 2006; Zimmer et al. 2005; Arranz et al. 2011; Aguilar de Soto et al. 2012).  They 
exhibit elements of stereotyped echolocation behavior while foraging, which includes a silent 
decent down to around 300 m, a search phase during continued descent where the emit regular 
clicks, and a quiet ascent phase (Johnson et al. 2004).  
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 Recordings from tagged individuals reveal that Blainville's beaked whales (Mesoplodon 
densirostris) produce both frequency modulated and non-frequency modulated echolocation 
signals (Johnson et al. 2006). Audiograms have also been collected from one individual of this 
particular species (Pacini et al. 2011), as well as individuals of one other beaked whale species, 
the Gervais beaked whale (Mesoplodon europeus; Cook et al. 2006; Finneran et al. 2009).  
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2.1 Abstract 
Odontocete marine mammals explore the environment by rapidly producing echolocation signals 
and listening for the corresponding echoes which likewise return at very rapid rates. Temporal 
characteristics of the echoes provide important information that is processed by the odontocete 
auditory system, thus it is important that the auditory system have a high temporal resolution to 
effectively process and extract relevant information from such rapid acoustic signals. Although 
auditory temporal resolution has only been measured for a small number of odontocete species, 
all species studied so far show the ability to follow acoustic stimuli modulated at very high 
frequencies. Using auditory evoked potential methodology, this study measured the modulation 
rate transfer functions of individuals from four different odontocete species that had previously 
stranded and been rehabilitated. Similar to other studied species, the individuals all showed the 
ability to process acoustic stimuli at  modulation rates up to or exceeding 1250 Hz, supporting 
the hypothesis that high temporal resolution is conserved throughout the diverse range of 
odontocete species. Comparison of the MRTFs between odontocetes of different echolocation 
characteristics suggests that auditory temporal resolution is not related to echolocation signal 
type.  
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2.2 Introduction 
 Odontocetes (toothed whales and dolphins) possess highly developed echolocation 
systems, which require both the effective production of echolocation clicks and also the 
reception of click echoes. Echolocation clicks are short duration acoustic signals that are 
produced at variable rates depending on the distance between the dolphin and an echolocation 
target (e.g. Au 1993; Au and Benoit-Bird 2003). Inter-click intervals can be as low as 1.5-3 ms, 
corresponding to click rates in some species as high as 300 to above 400 clicks per second (e.g. 
Lammers et al. 2004; Madsen et al. 2004; Verfuß et al. 2009), which are often associated with 
the final moments of prey capture. Echoes during such click trains can likewise return to the 
animal at similarly high rates. Temporal and spectral characteristics of target echoes contain 
important information about the target that are processed by the odontocete auditory system 
(Bullock et al. 1968; Au et al. 1988; Au 1993). Thus, it is important that the auditory system 
have a high temporal resolution to effectively process and extract relevant information from such 
rapid acoustic signals. 
 Auditory evoked potentials (AEPs) have been increasingly used to investigate many 
aspects of the odontocete auditory system, including directional hearing (e.g. Popov and Supin 
1988, 1990, 2009, Popov et al. 1992, 2006), hearing pathways (e.g. Mohl et al. 1999; Mooney et 
al. 2008, 2014, 2015; Popov et al. 2016), audiograms (e.g. Nachtigall et al. 2005, 2007; Yuen et 
al. 2005; Cook et al. 2006; Finneran et al. 2009), binaural hearing cues (Popov and Supin 1991), 
and temporal resolution (Supin and Popov 1995a, b; Dolphin et al. 1995; Mooney et al. 2006). 
Use of AEP methodology is advantageous by allowing research with subjects that have little 
behavioral training and  has proven valuable for measuring auditory characteristics of previously 
unstudied odontocete species from the wild that have stranded or been rehabilitated (Nachtigall 
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et al. 2005, 2007; Cook et al. 2006; Finneran et al. 2009; Mann et al. 2010; Pacini et al. 2010, 
2011, 2016; Schlundt et al. 2011; Montie et al. 2011; Greenhow et al. 2014). When trains of 
short, tone pip stimuli are presented to a test subject, the individual AEPs generated in response 
to the stimulus train merge together into a steady state wave called a envelope following 
response, or EFR. If the stimulus train consists of broadband clicks, the steady state evoked 
response is called a rate following response, or RFR (Supin et al. 2001). The magnitude of these 
following responses as a function of the stimulus modulation rate is called a Modulation Rate 
Transfer Function (MRTF). In mammals, including marine mammals, these functions are 
generally the shape of a low pass filter, with response magnitudes decreasing and eventually 
ceasing above a certain modulation frequency as the auditory system can no longer follow the 
rapid changes of the stimulus envelope. The upper limits of modulation rates that elicit EFRs or 
RFRs have been used as an estimation of the auditory temporal resolution of test subjects (Supin 
and Popov 1995b; Popov and Supin 1998).  
 MRTFs have been described for nine species of odontocete so far, including the Yangtze 
finless porpoise (Neophocaena phocaenoides asiaeorientalis; Mooney et al. 2011), harbor 
porpoise (Phocoena phocoena; Linnenschmidt et al. 2013), bottlenose dolphin (Tursiops 
truncatus; Supin and Popov 1995b; Dolphin et al. 1995; Finneran et al. 2007), white beaked 
dolphin (Lagenorhynchus albirostris; Mooney et al. 2009), Risso's dolphin (Grampus griseus; 
Mooney et al. 2006), beluga (Delphinapterus leucas; Dolphin et al. 1995; Klishin et al. 2000), 
false killer whale (Pseudorca crassidens; Dolphin et al. 1995), Gervais beaked whale 
(Mesoplodon europaeus; Cook et al. 2006; Finneran et al. 2009), and the killer whale (Orcinus 
orca; Szymanski et al. 1998). While there are some intra and inter-specific differences in MRTF 
characteristics, all species exhibited the ability to follow acoustic stimuli at modulation rates up 
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to or exceeding 1.2 kHz. Odontocetes exhibit an auditory temporal resolution that is many times 
greater than non-echolocating mammals, both marine and terrestrial (Mulsow and Reichmuth 
2007). Similarly high temporal processing abilities have been found in echolocating bats 
(Wiegrebe and Schmidt 1996), lending support to the hypothesis that such high temporal 
resolutions are an adaptation for echolocation (Supin and Popov 1995b). However, it is still 
unclear to what extent temporal processing differs between odontocete species and how such 
differences may relate to the hearing ranges, peripheral filter bandwidths, or echolocation 
characteristics. Data on temporal processing in additional odontocete species may prove valuable 
to uncovering these relationships. 
 In the current study, auditory evoked potential methodology was used to measure 
modulation rate transfer functions in four species of stranded odontocete for which no data on 
temporal resolution has been documented: a Blainville's beaked whale (Mesoplodon 
densirostris), long-finned pilot whale (Globicephala melas), pygmy killer whale (Feresa 
attenuata), and spinner dolphin (Stenella longirostris). 
2.3 Methods 
A. Test subjects and facilities 
 Hearing measurements were recorded from a single individual of four odontocete species 
(spinner dolphin, pygmy killer whale, pilot whale, beaked whale) which stranded in four separate 
events from 2006 to 2014. On August 27th, 2006, a neonate male long-finned pilot whale 
stranded and was rescued from a beach near Nazare, Portugal. The animal was first treated  at the 
Sociedade Portuguesa de Vida Selvagem facility in Quiaios – Figueira da Foz and was then 
transferred to the Lisbon Zoo in November 2006 for continued treatment. The animal began to 
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eat solid food after approximately a year of rehabilitation, and was subsequently trained to 
station horizontally at the surface of the water for auditory evoked potential hearing tests. The 
audiogram was previously measured and showed good hearing up to 64 kHz (Pacini et al. 2010).   
 An adult male pygmy killer whale was found stranded near Maalaea Harbor, Maui, on 
May 22, 2009. The animal weighted 285 kg and was 2.1 m in length. After initial veterinary 
assessment, the animal was determined to be  in poor health and exhibited a very low white 
blood cell count. Auditory evoked potential measurements were conducted at the stranding site 
as an additional diagnostic test.  
 A sub-adult male Blainville's beaked whale stranded near Kihei, Maui on the morning of 
August 16, 2010. Initial diagnostic tests suggested the animal was suffering from severe immune 
compromise and renal insufficiency. The animal was subsequently transferred to a rehabilitation 
pool in Hilo, on the Big Island of Hawaii for treatment and rehabilitation. The whale weighed 
approximately 800 kg and measured 3.5 m in length. To assist in determining the animal's 
prospects for rehabilitation, auditory evoked potential hearing measurements were selected as an 
additional diagnostic test. The audiogram of this individual was previously published by Pacini 
et al. (2011).  
 In 2014, a spinner dolphin stranded near Badoc municipality on the west coast of Ilocos 
Norte province in the Philippines. The animal was initially treated on site for two weeks before 
being transferred to Ocean Adventures Marine Park, in Subic Bay, the Philippines, for additional 
treatment and rehabilitation. The animal weighed 38.5 kg and was 1.7 m in length upon arrival at 
Ocean Adventures, and was treated with antibiotics, fluids, b-complex, vitamin E, and liver 
support. No ototoxic drugs were administered to the animal. An audiogram of this individual was 
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previous published by Pacini et al. (2016). Auditory temporal resolution measurements were 
collected on October 8, 2015.  
B. Stimulus presentation and evoked response recording 
 While the general equipment and hardware setup used to conduct the experiments was 
the same between the separate subjects, different models of instruments were sometimes used. A 
diagram of the general equipment setup can be seen in Fig. 2.1.  
 
 
Fig. 2.1 Diagram of the equipment used to collect electrophysiological data from the four test 
subjects. 
 
 Acoustic stimuli were digitally generated from a laptop computer using a custom 
LabView program and sent to a National Instruments PCMCIA-6062E or USB-6251 data 
acquisition card (Austin, TX, USA). The stimulus level was controlled in 1 dB steps via an 
attenuator before being amplified by 20 dB and projected to the animal from an underwater 
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transducer. Projected signals were monitored in real time during the experiments on a Tektronix 
TPS 2014 oscilloscope (Beaverton, OR, USA). During experimentation, the test subjects were in 
a stationary position with the tops of their heads and backs above the surface of the water. In the 
case of the beaked whale, pygmy killer whale, and spinner dolphin, the animals were lightly held 
and supported in the proper position for the tests by training or veterinary staff, while the pilot 
whale was trained to station in position on its own. A projecting hydrophone was placed 1 meter 
directly in front of the rostrum of each of the animals at a depth of 30 cm.  
 Gold plated, 10mm EEG electrodes (Grass, West Warwick, RI, USA) embedded in 
silicon suction cups were used to record evoked potentials. The active electrode was placed 
behind the blowhole and the reference electrode was placed on the back towards the dorsal fin. A 
third, ground electrode was placed on the side of the dorsal fin. Evoked responses were amplified 
10,000 times and bandpass filtered by a Grass CP511 bioamplifier. The responses were further 
filtered with a Krohn-Hite 3384 bandpass filter (Brockton, MA, USA) before being sent to the 
data acquisition card and recorded on the same computer that produced the stimulus signal. The 
evoked responses were recorded at a sample rate of 16 kHz over successive 26 ms time windows 
that were synchronized with the onset generation of the stimulus signal. Between 800 and 1000 
AEP recordings were averaged for each stimulus level in order to extract the evoked response 
from noise and were saved on the computer for offline analysis using MatLab software 
(Mathworks, Natick, MA). 
 Broadband clicks, measuring 0.1 ms in duration, were used as an acoustic stimulus, 
although the spectral emphasis of the clicks differed slightly between subjects. Click spectral 
power was tailored to the estimated frequencies of best hearing in each animal based on initial 
probe hearing tests. This resulted in click peak frequencies at 45, 50, 32, and 50 kHz for the 
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spinner dolphin, pygmy killer whale, pilot whale, and beaked whale, respectively.  Stimuli were 
presented within a maximum 20 ms window at different modulation rates ranging from 300 to 
1500 Hz.      
C. Data analysis 
 To quantify the magnitude of the EFR response to stimuli presented at each modulation 
rate, a fast fourier transform (FFT) was performed on the 16 ms section of the recording which 
contained the evoked response. The magnitude of the response was measured as the value of the 
spectral peak that corresponded to the frequency of the modulation rate for each trial, which was 
then plotted according to the modulation frequency to visualize the modulation rate transfer 
function. Keeping the 20 ms stimulus window constant for all tested modulation rates resulted in 
a different number of clicks and overall stimulus energy being presented at each rate. To account 
for this, weighted MRTFs were also generated using two different methods. First, the magnitude 
of responses for each modulation rate was summed for the fundamental response peak and its 
harmonics. Second, the response magnitude was calculated from the square root of the sum of 
squares for the fundamental response peak and its harmonics.  
2.4 Results 
 The number and frequency of modulation rates that were tested differed slightly between 
the animals, resulting in full MRTFs being collected for the spinner dolphin and pilot while, 
while partial MRTFs were collected for the beaked whale and pygmy killer whale. Rate 
following responses were collected at 11 different modulation rates for the spinner dolphin and 
pilot whale, while the pygmy killer whale and beaked whale were tested at 7 and 8 different 
rates, respectively. The difference in tested rates was due to the different experimental 
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circumstances between each species. In the case of the pygmy killer whale and beaked whale, the 
animals had stranded only a few days prior and were under ongoing veterinary care and 
treatment. At the time of the data collection, the primary purpose of the MRTF tests was to 
determine suitable modulation frequencies for audiogram measurements. Thus modulation rate 
tests were conducted opportunistically around the timeline of the more essential veterinary care 
requirements of the animals. Conversely, the pilot whale and spinner dolphin were successfully 
rehabilitated prior to the MRTF measurements and were available for a greater number of 
hearing measurements.  
 Envelope following responses were elicited and detected from all four of the test subjects 
and could be seen across a broad range of modulations rates. EFR response waveforms of the 
spinner dolphin and beaked whale can be seen in Figure 2.2.  
 
Fig. 2.2 Rate following response waveforms to different modulation rates presented to the 
spinner dolphin (A) and Blainville's beaked whale (B). 
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 Small onset responses can be seen at higher modulation rates in these individuals, 
although offset responses were not visible. The magnitude of the EFR response was 
quantitatively determined by calculating an FFT over a 16 ms window of the waveform 
corresponding to the EFR and the magnitude of the spectral peak was measured at each 
modulation frequency (Fig. 2.3). Harmonics were clearly observed in FFTs of the EFR 
waveforms at modulation rates below 1000 Hz. As has been noted in previous studies, the 
harmonics result from deviations in the EFR waveform from a sine wave (Mooney et al. 2006). 
 
 
Fig. 2.3 Fast fourier transform spectra of RFRs at varying modulation rates in the four subject 
animals. Response magnitudes were determined as the spectral peak corresponding to the 
frequency of stimulus modulation. 
 
 The MRTFs for each animal all showed a low pass filter shape with clear peaks and 
notches (Fig. 2.4). The subjects followed modulation rates up to and above 1250 Hz, which was 
the peak following response for both the spinner dolphin and the pilot whale. Peak following 
responses for the beaked and pygmy killer whale were found slightly lower at 1000 Hz. 
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Response magnitudes dropped off rapidly above the peak response frequency in all subjects 
except the beaked whale. In that individual, response magnitudes appeared to decrease more 
gradually up to 1500 Hz before falling into the noise floor of the AEP system at 1750 Hz.  
 
 
Fig. 2.4 Normalized fundamental (black lines) and weighted modulation rate transfer functions 
for the four studied odontocetes. Weighted MRTFs were calculated by taking either the summed 
magnitude of the fundamental response and its harmonics (dotted lines) or the sum of squares of 
the fundamental response ad its harmonics (grey lines). Weighted response magnitudes are 
larger at lower frequencies due to the increased presence of harmonics in the response spectra. 
 
 Weighted MRTFs for each species showed a slightly different shape from non-weighted 
functions. Differences occurred at lower frequencies, with some weighted response magnitudes 
even exceeding the non-weighted peak modulation rate magnitudes. As has been documented in 
other odontocete MRTFs, this difference is due to the fact that harmonics are more present at 
modulation rates below 1000 Hz which increased the weighted magnitude at those rates 
(Mooney et al. 2011; Linnenschmidt et al. 2013). 
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 A clear notch was observed between 600-900 Hz in the pilot whale before response 
magnitudes rose to a secondary peak at 500 Hz. A faint notch was observed in the spinner 
dolphin MRTF from 700-900 Hz due to a small secondary peak at 600 Hz. In both the spinner 
dolphin and pilot whale, responses dropped off gradually below the secondary peaks. Modulation 
rates were not tested below 500 Hz for the beaked and pygmy killer whale, making 
determination of a secondary peak inconclusive. There was a clear notch below the primary peak 
in the MRTF for the beaked and pygmy killer whales before the response magnitude began to 
increase again up to 500 Hz.   
 The upper cutoff frequency of the MRTF has been defined in previous studies as the 
modulation frequency that produces a response magnitude -20 dB (or 10%) down from the peak 
response magnitude (Popov and Supin 1998; Mulsow and Reichmuth 2007). Using the same 
metric here, upper cutoff frequencies were 2000 Hz for the spinner dolphin, 1750 Hz for the beak 
whale.  The response of the pygmy killer whale at 1500 Hz was slightly above the -20 dB 
magnitude, suggesting a cutoff frequency of around 1600 Hz. For the pilot whale,  the upper 
cutoff was slightly below 1500 Hz. Although an RFR was not detected above the background 
noise at this rate, the response magnitude at 1400 Hz represented only an 8 dB decrease in 
relation to the MRTF peak. Thus, a 1500 Hz cutoff was deemed the most accurate in relation to 
the -20 dB criteria.    
2.5 Discussion 
 The MRTFs of the four individuals presented here are very similar to other odontocete 
species, showing a low pass filter shape and detectable RFRs to high modulation rates up to and 
exceeding 1250 Hz, followed by decreasing response magnitudes at higher rates. It should be 
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noted that due to the differing experimental circumstances in this study that resulted from some 
of the animals undergoing medical and rehabilitation efforts, the data collected in this study are 
somewhat limited in the range and number of modulation frequencies tested, resulting in 
differences in resolution of the MRTFs at both the higher and lower modulation frequencies. 
Nonetheless, some specific comparisons can be made. Corner frequencies between 1000 and 
1250 Hz are generally similar to most other odontocetes, although a corner frequency of 1250 Hz 
in the spinner dolphin and pilot whale is slightly higher than most other toothed whales (800 Hz: 
O. orca; Szymanski et al. 1998; 1,000 Hz: G. griseus; Mooney et al. 2006; 1,000 Hz: D. leucas; 
Klishin et al. 2000; 1,125 Hz: L. albirostris; Mooney et al. 2009). The exception to this is the 
harbor porpoise (P. phocoena) which showed  a corner frequency of 1400 Hz (Linnenschmidt et 
al. 2013). The location and magnitudes of peaks and notches in the functions vary somewhat 
between the species, which is not unexpected given the  inter- and intra-specific variation found 
in other odontocetes. The relative magnitude of these features in the MRTF likely result from 
response latencies from different locations of anatomical generators of the AEP response (Supin 
and Popov 1995b; Popov and Supin 1998)  
 It is widely adopted that the temporal resolution of the auditory system can be 
characterized from the bandwidth of the MRTF. Estimates of temporal resolution have been 
calculated using the equation ERD=1/(2*ERB), where ERB is the bandwidth of the MRTF 
converted to an equivalent rectangular bandwidth, and ERD is the temporal integration function 
converted to an equivalent rectangular duration (Supin and Popov 1995b). A wider MRTF 
bandwidth would yield a lower estimated integration time and thus a better temporal resolution. 
MRTF bandwidths for the pilot whale, pygmy killer whale, Blainville's beaked whale, and 
spinner dolphin result in estimated temporal integration times of 333, 313, 294, and 250 µs, 
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respectively. Taken together, the MRTF characteristics and estimated auditory integration times 
indicate that these individuals exhibit very high auditory temporal resolution that is comparable 
with other studied odontocetes. It also further supports the notion that acute temporal resolution 
is likely conserved across the diversity of odonocete species.  
 Despite the increased number of odontocete species for which data is available, it is still 
difficult to tease apart the extent to which specific biological characteristics may be related to, or 
influence, auditory temporal processing capabilities. Fine scale comparison between individuals 
and species is hindered, in part, by methodological differences between studies. However, it is 
notable that temporal resolution is similarly high between three small odontocetes, including the 
two porpoise species (P. phocoena and N. phocaenoides), which use long duration, narrow band 
high frequency clicks (Mohl and Andersen, 1973, Kamminga 1988), and the spinner dolphin, 
which produces shorter, broadband clicks (Schotten et al 2004). This similarity provides some 
indication that auditory temporal processing abilities of different odontocete species may not be 
related to the specific temporal or spectral characteristics of their outgoing echolocation signals. 
 Temporal resolution as estimated by MRTFs from a harbor porpoise (Linnenschmidt et 
al. 2013), bottlenose dolphin (Finneran et al. 2007), and killer whale (Szymanski et al. 1998) 
appear to be correlated with animal size (Linnenschmidt et al. 2013). Larger animals exhibit a 
broader MRTF bandwidth, longer estimated integration times, and thus a lower temporal 
resolution. Despite having published MRTFs, estimated integration times were not stated for six 
other previously studied species, but can be calculated from either reported MRTF bandwidths 
(2000 Hz for N. phocaenoides, 1475 Hz for L. albirostris, 1400 Hz for D. leucas; Klishin et al. 
2000; Mooney et al. 2009, 2011) or approximated via visual inspection of the MRTFs 
themselves (1150 Hz for G. griseus, 1800 Hz for M. europeus, 1500 Hz for P. crassidens; 
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(Dolphin et al. 1995; Cook et al. 2006; Mooney et al. 2006; Finneran et al. 2009). Using body 
length as a correlate for animal size, the trend between body size and auditory temporal 
resolution appears to be generally corroborated when estimated integration times and body 
lengths of studied individuals are pooled between this study and previously published literature 
(Table 1; Fig. 2.5).  
 Fine scale comparison between species is hindered by differences in methodology across 
studies, yet it is nonetheless interesting to speculate if this trend is biologically significant. The 
ability to localize the position of a sound source is essential for echolocating animals. 
Mammalian auditory systems utilize a number of cues to determine the direction and location of 
a sound, including resolution of differences in time of arrival and intensity differences of a sound 
between the two ears(Heffner and Heffner 1992). While it has been suggested that inter-aural 
intensity differences (IIDs) operate as the major cue for odontocetes in determining azimuth of 
sound source locations(Popov and Supin 1991), bottlenose dolphins have experimentally been 
shown to possess an acute ability to resolve inter-aural time delays (ITDs) as small as 7 µs 
(Moore et al. 1995). Since the difference in ITD is dependent on the size of the animal's head; an 
animal with a smaller head is required to resolve a much shorter ITD than an animal with a larger 
head in order to achieve the same level of ITD acuity (Heffner and Heffner 1992). Thus, perhaps 
differences in auditory temporal resolution could be related to ITD resolution requirements of the 
differing head sizes of each species. Alternatively, the temporal and spectral characteristics of 
biosonar echoes contain important information for the detection and discrimination between 
desired prey targets (Bullock et al. 1968; Au et al. 1988; Au 1993). Echoes originating from 
small-bodied  
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Table 2.1 List of MRTF cutoff frequencies, estimated integration 
times, individual body lengths, and adult body lengths for each 
subject and species. 
Species 
MRTF 
BW (Hz) 
Est. IT 
(µs) 
Subject 
length (m) 
Species 
length (m) 
P. phocoena 1900
a
 263
a
 1.43
a
 1.53
b§
 
N. phocaenoides 
asiaeorientalis 
2000
c
 250 1.44
c
 1.7
d
 
G. griseus 1150
e*
 435 1.47
e
 3.2
fǂ
 
S. longirostris 2000 250 1.7 1.82
gǂ
 
F. attenuata 1600 313 2.1 2.31
h†
 
L. albirostris 1475
i
 339 2.24
i
 2.75
jǂ
 
T. truncatus 1750
k
 286 2.24
k
 3.15
lǂ
 
M. europaeus 1800
m*
 280 3.47
m
 4.35
n†
 
G. melas 1500 333 3.5 6
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Fig. 2.5 Comparison of MRTF estimated auditory integration times and body lengths of studied 
individuals (top) and adult body lengths of each species (bottom).  Linear regressions were fitted 
to data which included all subjects and species (solid line) and also excluded data from the 
Risso's dolphin (dotted line), which appeared as a noticeable outlier from the trend found with 
other species (open circle). 
 
prey items would contain increased fine-scale variation in the echo structure that would need to 
be identified by a foraging animal that preferred such prey. Thus, perhaps different auditory 
temporal resolutions across species are related to prey selection and the need to adequately 
resolve temporal variation in echo structure of preferred prey types and sizes. 
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 However, it is perhaps more likely that the trend it is a byproduct of the 
electrophysiological methodology. Non-invasive ABR signal amplitudes are influenced by the 
distances between electrodes and the responding auditory centers of the brain, which generally 
increase with a subject's size (Supin et al. 2001). Although MRTF estimates of integration times 
in the bottlenose dolphin (300 µs: Popov and Supin 1998) closely resemble those determined 
from behavioral experiments (250-300 µs: Moore et al. 1984; Au et al. 1988; Au 1990; 
Dubrovsky 1990), behavioral experimentation with additional species is needed to corroborate or 
contradict the same correspondence. Thus the biological significance of the trend between 
MRTF estimates of auditory temporal resolution and odontocete body size, if any, cannot be 
concluded from the current data.  
 The estimated temporal resolution of the small neonate Risso's dolphin (Mooney et al. 
2006) appears as an interesting outlier compared the data from other species. While the animal 
was a stranded individual and its exact age was unknown, its small size and the presence of fetal 
folds indicate it was likely no more than a few months old. This dolphin was of a similar size 
(1.47 m) to the spinner dolphin (1.7 m), harbor porpoise (1.43 m), and Yangtze finless porpoise 
(1.44), yet showed an upper cutoff frequency at 1100 Hz, lower than the similar sized 
odontocetes by 900 Hz and lower than much larger individuals and species such as the killer 
whale and false killer whale (Table 2.1). The relatively poor temporal resolution of that Risso's 
individual thus cannot be attributed to size differences. Yet, as the neonate Risso's is the only 
individual of the species for which this data is currently available, it is difficult to conclude if the 
comparatively poor temporal resolution is characteristic of the species or perhaps is influenced 
by the animal's young age. While auditory temporal acuity in humans and rats is comparably 
poor during infancy and improves into adulthood (Dean et al. 1990; Werner et al. 1992; Trehub 
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et al. 1995; Trehub and Henderson 1996; Friedman et al. 2004), there is some evidence to 
alternatively support the former of these possibilities in the case of the neonate Risso's dolphin. 
The first ontogenetic measurements of basic hearing capabilities and ABRs of an odontocete 
have recently been described in harbor porpoise calves, which exhibit fully developed hearing 
within a day after birth (Wahlberg et al. 2017). Due to the importance of hearing for odontocete 
survival, it is likely that other odontocete species likewise exhibit precocious hearing 
development (Wahlberg et al. 2017). Furthermore, similar relative latencies between individual 
ABR waves in the neonate (Mooney et al. 2006) and an adult Risso's dolphin indicate that the 
neonate Risso's also had fully functional hearing (Wahlberg et al. 2017). However, since there 
are no MRTF measurements across life stages, the ontogeny of odontocete auditory temporal 
resolution requires additional exploration, and it remains an open question if the comparably 
poor auditory temporal resolution of the neonate Risso's dolphin is characteristic of the species. 
 2.6 Conclusion 
 The modulation rate transfer functions were measured from four stranded odontocetes by 
recording auditory evoked potentials in response to temporally modulated stimuli. The 
individuals all showed the ability to process acoustic stimuli at high modulation rates, indicating 
auditory temporal resolution similar to other studied odontocetes and supporting the idea that 
high temporal resolution is conserved throughout the diverse range of odontocete species. 
Comparison of the MRTFs between odontocetes of different body sizes and echolocation 
characteristics suggests that auditory temporal resolution is not related to echolocation signal 
type. MRTF estimates of temporal resolution are correlated with animal body size, although 
further experimentation is required to elucidate the possible causes and significance of this 
relationship in terms of each species biology and auditory processing.  
35 
 
CHAPTER 3 
 
INVESTIGATING AUDITORY THRESHOLDS TO BOTH FAR-FIELD AND LOCALIZED 
ACOUSTIC STIMULI IN A RISSO'S DOLPHIN (GRAMPUS GRISEUS) 
 
Adam B. Smith
1,2
,  
Paul E. Nachtigall
1,2
, Aude F. Pacini
1,2
, Wei-Cheng Yang
3
, I-Fan Jen
4
, and Ying-Ching Fan
4
. 
 
1
Department of Biology, University of Hawai‘i at Mānoa, Honolulu, Hawai‘i 
2
Hawai‘i Institute of Marine Biology, Kaneohe, Hawai‘i 
3
Department of Veterinary Medicine, National Chiayi University, Chiayi, Taiwan 
4
Farglory Ocean Park, Hualien, Taiwan 
 
 
 
 
 
 
36 
 
3.1 Abstract 
Odontocetes use echolocation as their primary means of foraging and must accurately localize 
the position of sound in the environment. Multiple aspects of the auditory system can influence 
sound localization, including the relative sensitivity of the ears, the sound reception pathways, 
and the directional auditory sensitivity. However, all aspects of the odontocete hearing apparatus 
have undergone modification. While odontocete hearing asymmetry, sound receiving pathways, 
and directional sensitivity have been investigated to some degree, the connection and influence 
between these factors remains unclear and  understudied. The current study investigated hearing 
in a Risso's dolphin (Grampus griseus), with the goal of 1) documenting auditory characteristics 
in this under-studied species, and 2) providing an initial investigation into the relationship 
between sound reception and far-field directional hearing in an individual odontocete. Auditory 
evoked potential methods were used to measure directional hearing sensitivities of the dolphin at 
three different horizontal azimuths, as well as hearing thresholds to acoustic stimuli that were 
presented via a contact hydrophone attached to the surface of the subject's skin. The contact 
hydrophone was placed at multiple analogous locations on both the right and lefts sides of the 
dolphin's head, as well as on multiple points on the melon. The dolphin showed elevated 
thresholds when jawphone stimuli were presented on the right side of the head. A single area of 
relatively increased sensitivity was found in the middle of the melon, which may suggest some 
degree of acoustic reception at this location. Furthermore, the Risso's dolphin exhibited acute, 
frequency dependent directional hearing, which is similar to other odontocete species that have 
been studied. However, despite the consistently elevated thresholds to localized stimuli on the 
right side of the head, far-field thresholds presented from 90 degrees to the right and left of the 
blowhole were generally symmetric.  
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3.2 Introduction 
 Echolocation is used by odontocetes as their primary means of foraging and orientation. 
The ability to effectively localize the source location of a sound, such as a returning biosonar 
echo, is thus of the utmost importance for their survival. The few studies that have 
experimentally investigated sound localization in odontocetes indicate that bottlenose dolphins 
have very acute acoustic localization and angular discrimination capabilities in both the 
horizontal and vertical planes (Renaud and Popper 1975; Branstetter et al. 2002).  
 Sound source localization is dependent, in part, on a subject's directional auditory 
sensitivity, also called a receiving beam. The directional sensitivity of the odontocte auditory 
system with respect to sound source location has been investigated in the bottlenose dolphin 
(Tursiops truncatus, Au and Moore 1984; Supin and Popov 1993; Popov et al. 2003, 2006; 
Popov and Supin 2009a), the beluga whale (Delphinapterus leucas, Klishin et al. 2000; Mooney 
et al. 2008; Popov and Supin 2009a), the harbor porpoise (Phocoena phocoena, Kastelein et al. 
2005), and the Amazon river dolphin (Inia geoffrensis, Popov and Supin 1991). Directional 
auditory sensitivities for all studied species are generally acute and symmetric in the horizontal 
plane around the longitudinal axis of the body. Additionally, directional sensitivity narrowed 
with increasing stimulus frequency across all species tested, relating harmoniously to indications 
of frequency-specificity of more laterally versus anterior located acoustic receptions pathways 
(Popov et al. 2008). Yet differences in directional hearing were also apparent, with the receiving 
beam of the bottlenose dolphin found to be narrower compared to the harbor porpoise and the 
beluga whale (Popov and Supin 2009a). As of yet, due to the low sample size of individuals and 
species studied, it is difficult to attribute these differences in directional hearing to any specific 
attribute of the animal's biology or inter-specific individual variations. Additional measurements 
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of directional auditory sensitivity from both an increased number of individuals and a greater 
diversity of species would therefore be valuable for future meaningful comparison.  
 Directional hearing is also partially dependent on the interplay between a number of 
factors related sound reception, including the shape of the external ears (Coles et al. 1989; Obrist 
et al. 1993), the location and characteristics of the pathways by which sound is channeled to the 
inner ear (Popov et al. 2008), and the sensitivity of the inner ears (Plomp 1976). Mammals rely 
largely on binaural cues to locate a sound source in the horizontal plane, including inter-aural 
intensity differences and inter-aural time delays (Heffner and Heffner 1992). Both of these cues 
utilize relative differences in the detection of a sound between each ear. However, with only a 
single acoustic pathway to each separate inner ear, a loss in of hearing in a single ear can change 
directional auditory sensitivity, hinder the ability to utilize binaural cues, and thereby hamper 
localization (Humes et al. 1980; Colburn 1982; Bess et al. 1986; Slattery and Middlebrooks 
1994; McPartland et al. 1997; Bosman et al. 2003; Van Wanrooij and Van Opstal 2004, 2007; 
Wazen et al. 2005; Kumpik et al. 2010; Irving and Moore 2011; Agterberg et al. 2012; Kral et al. 
2013; Keating et al. 2013) 
 Yet, the case is likely more complex with odontocetes. Adaptation to an aquatic 
environment resulted in the loss of the external pinnae and an open external auditory canal in 
cetaceans, and odontocete auditory pathways remain poorly understood. First proposed by 
(Norris 1968), it is a widely accepted hypothesis that the lower jaw of odontocetes acts as an 
acoustic window for channeling sound to the inner ear. Since then, multiple studies have 
provided supporting evidence for the mandibular hearing hypothesis (Norris and Harvey 1974; 
Brill and Harder 1991; Møhl et al. 1999; Mooney et al. 2008, 2014, 2015; Popov et al. 2016). 
Evidence has also been found for additional pathways around the auditory meatus (Popov et al. 
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2008) and gullar region along the ventral neck (Cranford et al. 2008; Mooney et al. 2015; Popov 
et al. 2016). Some pathways may be frequency dependent, with lower frequencies being detected 
better on the lateral and posterior areas of the head and higher frequencies detected best from the 
anterior and ventral areas (Popov et al. 2008; Mooney et al. 2014). These results have led to the 
hypothesis for multichannel sound reception in the head of odontocetes (Popov and Supin 1990b; 
Popov et al. 1992b, 2008, Ketten 1994, 2000; Mooney et al. 2014). Interestingly, while the 
melon is widely considered to function solely as an impedance matching device for sounds 
produced by the animal, there are a few studies that have indicated an area of relatively increased 
auditory sensitivity on the melon of bottlenose dolphins (Yanagisawa et al. 1966; Møhl et al. 
1999) and the upper jaw tip of the false killer whale (Pacini 2011). This has led to speculation 
that auditory sensitivity above the frontal plane of the head may provide some degree of 
functional acoustic reception (Pacini 2011; Nachtigall 2016). 
 However, current understanding of the inter-relationship between factors such as the 
sensitivity of the ears, the multichannel acoustic receiver hypothesis, and directional sensitivity, 
is far from complete in odontocetes. The primary aim of this study was to investigate multiple 
aspects of odontocete auditory reception, specifically those that may have an interconnected 
influence on directional auditory sensitivity. Using auditory evoked potential (AEP) methods, we 
investigated aspects of acoustic receiving pathways, possible asymmetry in auditory thresholds 
of the two ears, and directional auditory sensitivity to far-field stimuli in a captive Risso's 
dolphin (Grampus griseus). 
3.3 Methods 
A. Test subject 
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 Data were collected from a female Risso's dolphin named Da Hwa, housed in the animal 
care facilities of Farglory Ocean Park, in Hualien County, Taiwan. The animal was caught from 
the wild in 2003, but has been at the study site for 12 years and was approximately 18-19 years 
old at the time of data collection. The dolphin weighed 292 kg and measured 2.93 m in length. 
Previously, this animal was shown to have hearing sensitivities comparable to those already 
described for this species (Mooney et al. 2015), which included generally sensitive hearing 
across the range of frequencies from approximately 10 to 90 kHz (Nachtigall et al. 1995, 2005).  
B. Thresholds to broadband click and tone pip stimuli presented via a contact jawphone 
 The dolphin's auditory thresholds were first measured in response to localized acoustic 
stimuli that were presented via a "jawphone" transducer, consisting of a Reson 4013 hydrophone 
(Slangerup, Denmark) encased in a silicon suction cup. A single threshold was collected per 
experimental session where the animal voluntarily beached itself out of the water in one of two 
trained methods. Some sessions were conducted in a small pool (5 x 5 x 4  m) with a moveable 
floor that could be mechanically raised. The dolphin was trained to station in the pool while the 
floor was raised until its body was completely above the water. Alternatively, data were also 
collected while the animal voluntarily beached itself on the deck adjacent to the pool. The 
determination of which  situation was used for data collection was based on the training needs of 
the animal on each given day. In both scenarios, the animal remained out of the water for up to 
15 minutes at a time, during which time the dolphin was sprayed with water to keep the skin wet.   
 Once the dolphin was properly stationed out of the water at the start of an experiment 
session, the jawphone was attached at one of nine different pre-determined locations around the 
animal's head (Fig. 3.1). The locations included symmetrical placement at four externally 
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analogous locations on both the right and left sides of the dolphin's head, as well as five spots on 
the anterior face of the melon and the upper jaw tip. At each location, the jawphone was attached 
using an electrode gel to prevent the formation of reflective air gaps.  
 
 
Fig. 3.1 The jawphone was placed at 9 different locations on the dolphin's lower jaw (a) and 
melon (b). These locations included the anterior jaw (1), middle jaw (2), posterior jaw (3), 
external auditory meatus (4), upper jaw tip (5), lower melon valley (6), middle melon valley (7), 
middle melon ridge (8), and the upper melon valley (9). The jawphone was also placed on the 
right side of the dolphin's head at spots externally analogous to locations 1-4.  
 
 A total of four different acoustic stimuli were used for the AEP measurements with the 
jawphone, which included tone pips filled with one of three carrier frequencies: 32, 45 or 60 
kHz. The fourth stimulus consisted of a train of broadband clicks, each 0.06 ms in duration with 
a peak frequency of 50 kHz. Due to time constraints, not all stimuli were tested at each jawphone 
location. Thresholds to broadband clicks were collected at each of the nine jawphone locations, 
while thresholds to the frequency-specific tone pip stimuli were collected at only a single 
location (the anterior jaw, see Fig. 3.1) on both the right and left side of the dolphin's head.  
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 All stimuli were digitally generated from a laptop computer using a custom made 
LabView program (Austin, TX, USA). Each stimulus consisted of a train of 20 pips modulated at 
a rate of 1 kHz and presented once every 62.5 milliseconds. Stimuli were then sent to a NI USB-
6251 data acquisition card (Austin, TX, USA). The stimulus level was controlled via an 
attenuator before being amplified by 20 dB and projected from the jawphone.  During 
experiments, the signals were monitored in real time on a oscilloscope. The jawphone stimuli 
were calibrated in water with a Reson 4032 receiver placed 50 cm apart at a depth of 1 meter. 
The distance of 50 cm is similar to the estimated distance between the jawphone and the 
dolphin's ears during experimentation, and has been used for calibration of jawphones in 
previous study with this animal (Mooney et al. 2015). 
C. Directional hearing thresholds to far-field stimuli 
 The subject's directional hearing sensitivity was explored by measuring evoked responses 
to stimuli projected from the far-field at three different azimuth angles (-90, 0, and 90 degrees) 
around the animal's head.  Experiments were conducted in the largest of seven interconnected 
concrete pools that constituted the habitat enclosure at Farglory Park. This experimental pool 
was approximately rectangular in shape (~104 x 25 m), containing 2500 m
3
 of water volume 
with a maximum depth of 7 m.  Due to its size and depth, the pool was considered a relatively 
free field environment. Hearing measurements were conducted while the dolphin stationed very 
still at the surface of the water parallel to the center of the pool wall with the top of its head and 
blowhole above the water (Fig. 3.2). To assist with the animal's stationing behavior, a large 74 
by 102 cm foam pad that was 10 cm thick was draped down the side of the wall next to the side 
of the animal's head. Acoustic measurements in the pool also indicated that the pad reduced 
acoustic reflections from the nearest wall by approximately 9 dB. The distance between the 
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animal's blowhole and side of the pad was 50 cm. A projecting transducer was positioned 1.5 m 
away from the animal's blowhole, either directly in front of the animals rostrum (0º azimuth) or 
to the right side of the blowhole (90º azimuth). To collect hearing measurements with the 
stimulus presented on the animal's left  side, the animal would station in the opposite direction 
with its head in the same place (-90º azimuth). The animal's head was always kept at the same 
location in the pool to minimize any possibility of an uneven noise field.  
 
 
Fig. 3.2 Diagram of the experimental setup for measurement of directional AEP thresholds to 
far-field stimuli. Data were collected in the largest pool of the habitat complex (A). The dolphin 
was trained to station very still at the surface of the water parallel to the pool wall (B). Acoustic 
stimuli were projected from a hydrophone in front 0° and to the right side 90° of the dolphin's 
head at a distance of 1.5 meters. To project stimuli on the dolphin's left side (-90°), the dolphin 
stationed in water facing the opposite direction (dotted outline).  
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 An experimental session consisted of 7 to 9 trials where the animal was trained to station 
still at the surface of the water parallel to the pool wall with the top of its head and blowhole 
above the water. Once the animal was properly stationed, an AEP measurement was started and 
lasted for approximately 1 minute and 15 seconds per trial. Following completion of a trial, the 
trainer blew a whistle, signaling the dolphin to break from the station to receive a fish reward. If 
the animal's body position deviated by more than approximately 5º for longer than 5 seconds 
during a trial, the trial was aborted and repeated.  
 A total of four different acoustic stimuli were used for the far-field AEP measurements, 
which included tone pips filled with one of three carrier frequencies: 16, 32 and 60 kHz. The 
fourth stimulus consisted of a train of broadband clicks with a center frequency of 50 kHz. All 
stimulus types were generated from the same computer and equipment described previously for 
the jawphone hearing measurements, with the exception of the projecting transducer. Far-field 
stimuli were projected from a Reson 4040 or Reson 4013 hydrophone.   
D. Evoked potential measurement and analysis 
 Evoked potentials were recorded via three gold plated electrodes (Grass, West Warwick, 
RI, USA) embedded in suction cups that were placed along the dorsal surface of the animal with 
conductive electrode gel. The active electrode was placed along the midline of the dolphin's back 
approximately 10 cm behind the blowhole, and the reference electrode was placed on the 
animal's back between the blowhole and the dorsal fin. A ground electrode was attached to the 
animal's dorsal fin. Evoked potentials were amplified 10,000X with a Grass CP511 bioamplifier 
and filtered from .3 to 3 kHz with a KrohnHite 3384 filter (Brockton, MA, USA) before being 
digitized by the DAQ card at a rate of 16 kHz. A 26 ms evoked response following each stimulus 
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presentation was averaged over 1000 iterations to extract the signal from the background noise. 
The averaged AEP response was saved to the computer for offline analysis.  
 The AEP response magnitude at 1 kHz for each stimulus level was then determined via a 
fast Fourier transform (FFT) on the middle 16 ms section of the recording which contained the 
evoked response. Response magnitudes at the 1 kHz spectral value were plotted according to 
their respective received levels (dB SPL re: 1 uPa) and a linear regression was plotted across the 
data points that contained a detected response (Fig. 3.3). The threshold was taken as the point 
where the regression line crossed a zero-response magnitude level. Thresholds to stimuli 
presented on the right and left sides of the head were compared with paired samples T-tests.  
 
Fig. 3.3 AEP response measurements to a broadband click stimulus presented from the far-field 
in front of the Risso's dolphin at a distance of 1.5 meters (A). Fast fourier transforms of the 
middle 16 ms of the EFR responses (B).  EFR response magnitudes at 1 kHz plotted against the 
received level of the acoustic stimulus, fitted with a linear regression (C). The point where the 
regression crosses a zero response amplitude is taken as the auditory threshold value. 
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3.4 Results 
A. Thresholds to broadband click stimuli 
 Thresholds to broadband click stimuli with the jawphone were measured at three 
locations along both the right and the left lower jaw of the dolphin, as well as on the right and 
left meatus. Thresholds were 57, 69, 53, and 76 dB (anterior to posterior positions) on the left 
side, and 88, 75, 85, and 92 dB on the right side. Thresholds on the right side were consistently 
elevated in relation to the thresholds at positions on the left side, although the relative threshold 
difference between the two sides depended on the location (Fig. 3.4). Thresholds differences 
between analogous right/left locations ranged from 6 to 32 dB, with the maximum difference 
found at the posterior jaw pad and the minimum difference found at the middle jaw pad. The 
mean threshold to clicks was 64 (±11) and 85 (±7) dB on the animal's right and left side, which 
were found to be significantly different via a paired T-test ( t(3)=-3.42, p<0.05). Sensitivities to 
broadband click stimuli at jawphone positions on the upper jaw tip and along the front face of the 
melon ranged between 75 and 95 dB. The lowest threshold was measured at the middle of the  
 
Fig. 3.4 Threshold measurements to broadband clicks projected via a jawphone transducer at 
multiple locations on the animals right and left side (A), as well as along the upper jaw tip and 
anterior face of the melon (B). 
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melon groove. Thresholds increased as the stimulus location was moved away from this location. 
The jawphone locations along the middle of the melon valley were spaced 7 cm apart.    
B. Thresholds to tone pip stimuli 
 Thresholds to frequency specific tone-pip stimuli were measured at a single jawphone 
position on the anterior mandibular fat pad for each side of the animal's head. Thresholds for 
each stimulus were consistently lowest when presented on the animal's left mandibular fat pad, 
although the relative difference between right and left thresholds decreased with decreasing 
stimulus frequency (Fig. 3.5). There was no threshold difference found for the 32 kHz stimuli, 
and a difference of 14 dB at 45 kHz. A threshold could not be determined for the 60 kHz 
stimulus presented on the animal's right anterior jaw. While a small response was detected at 115 
dB, increasing the intensity beyond this level caused distortion of stimulus waveform, preventing 
determination of a threshold. Given that no response was detected at 110 dB, we estimated a  
 
Fig. 3.5 Auditory thresholds to narrow band tone pip stimuli projected via the jawphone 
transducer at three carrier frequencies on the right and left anterior jaw. The dolphin showed no 
response (NR) to the 60 kHz stimulus at 110 dB on the right side.  
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right to left difference of 20 dB for this stimulus, which was the maximum threshold difference 
found to tone pip stimuli at this jawphone location.  
C. Directional hearing thresholds to far-field stimuli in the horizontal plane 
 Relative thresholds were always lowest when presented in front of the animal at an 
azimuth of 0º and elevated when the sound source location was moved to -90º and 90º (Fig. 3.6). 
The threshold change was frequency dependent, being greatest for 60 kHz tone pips, and 
decreasing at lower frequency stimuli. There was no significant difference in thresholds between 
the right and left source locations (paired t-test; t(3)=-1.1, p=0.35). The relative difference 
between thresholds at 0° and 90° (averaged between both the -90° and 90° positions) was 11, 23, 
28, and 18 dB for the 16 kHz, 32 kHz, 60 kHz, and click stimuli, respectively.  
 
Fig. 3.6  Directional auditory thresholds to multiple acoustic stimuli projected from the far-field 
(1.5 m distance) at three different horizontal azimuths around the Risso's dolphins head (left 
panel). Relative difference between thresholds when the stimulus was presented in the center  
versus to the left (-90º) and right (90º) of the dolphin (right panel). 
 
3.5 Discussion 
A. Right-left threshold asymmetry 
49 
 
 Previous investigation of head related hearing sensitivities in this G. griseus individual 
found a significant difference in auditory thresholds to broadband click stimuli presented at a 
single location on the animal's right and left mandibular fat pad (Mooney et al. 2015). However, 
the large head and pan-bone area of the Risso's dolphin, combined with the fact that even small 
differences in stimulus location between measurements can cause differences in AEP thresholds 
(Møhl et al. 1999; Popov et al. 2016), leave open the potential that hearing asymmetry 
determined from only a single location on either side of the animal's head was influenced more 
by small differences in jawphone location than by actual auditory sensitivity. The auditory 
sensitivity at multiple analogous left-right locations to broadband clicks found in this study 
confirm the initial asymmetry found previously, but also indicate that the magnitude of the 
difference varies across multiple analogous locations, both exceeding and falling short of the 8 
dB difference described previously (Mooney et al. 2015).   
 Frequency-dependent threshold asymmetry was also found between the right and left 
anterior jaw pad, with the threshold differences increasing for higher frequency stimuli. 
Although limited to only a few stimulus frequencies at one jawphone location, this result may 
provide a preliminary indication that Risso's dolphins possess frequency dependent acoustic 
pathways, of which evidence has been found in other odontocete species (Popov et al. 2008, 
2016; Mooney et al. 2014). Additional auditory measurements using more stimuli and at 
additional analogous right-left locations around the head are needed to further describe frequency 
and location specific variation in auditory sensitivity of this species. 
 Much is still unknown about the pathways by which sounds are received by odontocetes, 
and there is ongoing discussion concerning what extent local acoustic stimulation in the air can 
be used to characterize hearing processes in these animals. Thus, when interpreting auditory 
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thresholds to localized stimulation with a contact transducer in air, it is difficult to differentiate 
how much the measured thresholds reflect the actual sensitivity of the inner ears, or alternatively 
are reflecting differences in acoustic conduction at the stimulated location (Popov et al. 2016). 
The large variability in thresholds across multiple locations on the same side of the dolphin's 
head indicates that some of the asymmetry is likely accountable to jawphone location, and while 
the consistency and magnitude of the threshold elevation across all the right side locations seems 
to suggest that some level of sensitivity difference is present between the inner ears (at least 
when using broadband clicks), this cannot be conclusively determined from the present data 
alone.  
 Asymmetric hearing thresholds to jawphone stimuli both in the air and in the water have 
been documented in a few previously published studies, and also attributed to sensitivity 
differences of the ears. While investigating inter-aural time and intensity difference thresholds, 
Moore et al. (1995) indicated a 2 to 3 dB difference in sensitivity to jawphone stimuli between 
the right and left lower jaw of a bottlenose dolphin, with the left side being less sensitive. Using 
the same animal, Brill et al. (2001) noted that the asymmetric jawphone thresholds were 
frequency dependent, with the greatest threshold difference occurring at lower frequencies below 
5 kHz. The side that exhibited the best sensitivity was also frequency dependent, with the left 
side being more sensitive from 1-6 kHz, and the right side being more sensitive from 7-9 kHz. 
Additionally, Houser and Finneran (2006) measured separate audiograms for a population of 
bottlenose dolphins using a jawphone placed on the pan bone on both sides of the animals' head. 
Asymmetric thresholds were documented in many of the animals tested, but were not discussed.  
While the vast majority of studies on odontocete hearing with contact hydrophones have placed 
the projector on a single side of the animal (Møhl et al. 1999; Mooney et al. 2008, 2014; Popov 
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et al. 2016), the few studies that have placed jawphones on both the right and left sides of an 
animal's head have all found varying degrees of threshold asymmetry. Thus, this may suggest 
right-left asymmetrical sound reception is a common occurrence in odontocetes and merits 
further investigation.  
 Jawphones have been increasingly used for hearing measurements in both controlled 
experimental contexts and also in more field-based circumstances with stranded or rehabilitated 
animals. It has been documented that threshold and audiogram estimates with jawphones are 
comparable to those measured in the free field (Brill et al. 2001; Finneran and Houser 2006; 
Houser and Finneran 2006). However, the results of this and other studies suggest that jawphone 
audiograms for a single individual may vary significantly depending on the side tested, and the 
specific location along the jaw where the projector is placed. Such possibilities indicate that 
audiograms collected from new species via the use of a jawphone should be compared with 
caution, or that audiometric measurements with a jawphone should be separately made with the 
stimulus presented on both sides of a subjects head.  
B. Directional sensitivity to far-field stimuli 
 There are a number of methodological limitations that should be noted and taken into 
account when interpreting and comparing the directional auditory thresholds in the current study. 
First, the availability of test subjects is a consistent limitation for research with whales and 
dolphins. The current study describes results from only a single individual, and thus may not be 
characteristic of the species as a whole. Second, the experimental setup was not ideal for 
collection of directional thresholds due to the acoustic field of the experimental pool, including 
the proximity of the pool walls, and in particular, the nearest wall on the contra-lateral side of the 
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animal from the stimulus transducer. Such factors are a limiting, but often unavoidable 
consequence of research in captive pool settings. However, in both cases, it is a reasonable 
approach to use the current data for cautious interpretation and comparison until additional data 
become available (Popov and Supin 2009a). 
 There were a number of steps taken to attempt to minimize possible confounding 
reflections from the pool walls. First, the minimum distance from the animal to the far walls was 
24.5 meters. Stimuli that reflected off this surface would attenuate by 34 dB before returning to 
the animal's ipsilateral side 32 ms after the stimuli was projected, and thus not overlap or 
interfere with reception of the primary 20 ms stimulus. While reflections off the pool bottom (6.7 
m below the animal) would return in 9 ms and partially overlap with the initial stimulus, their 
received level would be attenuated by 23 dB. It therefore seems likely that these reflections 
would have limited influence on an accurate threshold measurement. It is more likely that 
interfering reflections would arise from the close wall 0.5 m away from the animal on the contra-
lateral side of the projecting transducer. A measured absorption of 9 dB by the foam station pad 
and a distance attenuation of 6.5 dB would result in a total attenuation of reflections from the 
near wall by an estimated 15.5 dB. It is likely this attenuation is even greater due to shading by 
the head and body of the animal (Popov and Supin 1991). Therefore, the far-field threshold 
results in this study are cautiously interpreted as being reflective of the horizontal directional 
sensitivity of this individual and not impacted by interfering reflections.  
Hearing in this individual G. griseus exhibited directional dependence in the horizontal 
plane, with increased auditory thresholds when the sound source was positioned 90º  to the left 
and right side of the animal's head. The change in thresholds was frequency dependent, with 
higher frequency stimuli showing a greater increase in thresholds at the lateral positions than 
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lower frequencies. Thresholds at 90º on both the right and left sides were also relatively 
symmetrical. These results suggest the Risso's dolphin generally has an acute, frequency 
dependent receiving beam across a wide frequency band, similar to that found in other 
odontocetes such as the bottlenose dolphin (Au and Moore 1984; Popov et al. 2003, 2006; Popov 
and Supin 2009a), beluga whale (Popov and Supin 2009a), and harbor porpoise (Kastelein et al. 
2005). Comparison of the directional thresholds at similar azimuths with the harbor porpoise 
suggests that the Risso's dolphin possesses a narrower receiving beam. However, the directional 
threshold results for both the beluga and bottlenose dolphin show significant variability in 
relative values between these azimuths across multiple studies. As a result, the Risso's dolphin's 
directional acuity appears both more and less acute than the bottlenose and beluga, depending on 
which previous study and stimulus is being compared. It is interesting to note that despite the 
consistent and often large asymmetry in thresholds to click stimuli via the jawphone, the 
dolphin's far-field sensitivities to clicks at azimuths of ±90º differed by only 3 dB.  
Unfortunately, since it cannot be concluded that the asymmetric jawphone thresholds signify 
actual hearing loss, interpretation of these contrasting results is difficult and would be 
speculative.  
C. Auditory sensitivity on the melon 
 Auditory sensitivity on the odontocete melon is generally not investigated in great detail 
and is often only measured at a single location, which is commonly different between studies. In 
most cases, melon thresholds are significantly elevated compared to the mandibular and gullar 
regions (Møhl et al. 1999; Mooney et al. 2008, 2014), including in a study using the same Risso's 
dolphin as the one used here (Mooney et al. 2015). However, there are a few documentations of 
greater sensitivity to sound presented on the melon as well. Yanagisawa et al. (1966) noted two 
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areas of auditory sensitivity on the melon that were nearly equal to the lower jaw. Additionally, 
Mooney et al. (2014) measured thresholds at a single location on the melon of the Yangtze 
finless porpoise using multiple stimulus frequencies. They found that the difference between the 
most sensitive location around the head and the threshold on the melon decreased with increasing 
stimulus frequency. At 120 kHz, similar to the frequencies found in the species echolocation 
clicks, the melon was only 11 dB less sensitive that the most sensitive spot on the head.  
 In the current study, the anterior face of the melon and upper jaw tip of the Risso's 
dolphin generally showed elevated thresholds compared to the most sensitive locations along the 
lower jaw. However, there was one location in the middle of the melon groove that exhibited a 
reduction in threshold by at least 9 dB compared to the surrounding locations. The threshold at 
this spot was still significantly elevated compared to the animal's left jaw, but it is notable that 
the sensitive melon threshold was equal to the most sensitive threshold found on the right 
mandibular fat pad. It may be noteworthy that in Mooney et al. (2014), the location of the contact 
hydrophone was situated along the middle of the anterior face of the melon, similar to the current 
study, as opposed to more dorsally oriented positions in most other studies (including Mooney et 
al. 2015 with the same Risso's dolphin). The sensitivity found here is not high enough to suggest 
the melon is a primary pathway for received sound, yet it may allow for potentially useful 
reception of acoustic energy. However, this possibility is difficult to reconcile with the fact that 
the melon is generally isolated from other auditory structures and there is no clear acoustic 
pathway to the tympano-periodic complex. Given the unique morphology of the G. griseus 
melon, the possible auditory utility of the melon across odontocete species nonetheless poses an 
interesting possibility. It has been speculated that a window of auditory sensitivity on the melon 
could allow odontocetes a greater capacity for sound source localization in the vertical plane 
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(Nachtigall 2016). Directional sensitivity in the vertical plane could not be tested in the current 
study but would be a valuable part of future research efforts with this species. 
3.6 Conclusion 
Auditory evoked potentials were used to investigate auditory thresholds to both localized 
and far-field acoustic stimuli in a captive Risso's dolphin. Threshold measurements from 
multiple analogous locations on both the right and left sides of the dolphin's head showed 
consistent asymmetry, with the animal's hearing being significantly less sensitive on the right 
side. These results may suggest that either pathways for received sound are asymmetric between 
the right and left sides of the head, or it may reflect an asymmetry in the auditory sensitivities of 
the two ears themselves. Additionally, the dolphin showed an area of increased auditory 
sensitivity in the middle of the melon cleft, which may indicate that the melon provides some 
degree of auditory reception. Furthermore, the dolphin was found to have acute, frequency-
dependent directional hearing that is similar to other described species (Kastelein et al. 2005; 
Popov et al. 2006; Popov and Supin 2009). In contrast to the right-left threshold asymmetry to 
jawphone stimuli, the directional hearing measurements showed no significant difference 
between the right and left sides. The comparison of far-field directional hearing to asymmetric 
auditory thresholds to contact sound stimuli in this individual provide insight into how these 
auditory measurements compare to each other and may yield different results. Future research 
should test directional hearing in G. griseus with a greater number of azimuths and stimuli to 
allow for better comparison. The relationship between asymmetric auditory thresholds and free-
field directional hearing remains an interesting topic that deserves further, more extensive 
investigation. 
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4.1 Abstract 
The echolocation system of the Risso's dolphin (Grampus griseus) remains poorly studied 
compared to other odontocete species.  In this study, echolocation signals were recorded from a 
stationary Risso's dolphin with an array of 16 hydrophones and the two-dimensional beam shape 
was explored using frequency-dependent amplitude plots. Click source parameters were similar 
to those already described for this species. Centroid frequency of click signals increased with 
increasing sound pressure level, while the beamwidth decreased with increasing center 
frequency. Analysis revealed primarily single-lobed, and occasionally vertically dual-lobed, 
beam shapes. Overall beam directivity was found to be greater than that of the harbor porpoise, 
bottlenose dolphin, and a false killer whale. The relationship between frequency content, beam 
directivity, and the estimated size of the sound generating structures for this Risso's deviated 
from the trend described for other species. These are the first reported measurements of 
echolocation beam shape and directivity in G. griseus. 
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4.2 Introduction 
 Echolocation in odontocetes requires highly specialized features for the production and 
transmission of acoustic signals. Typical odontocete echolocation signals are short, ultrasonic 
sounds generated with specialized tissues located within the enlarged nasal complex (Ridgway 
et al. 1980; Mackay and Liaw 1981; Aroyan et al. 1992, 2000; Cranford et al. 1996; Au et al. 
2006; Au and Suthers 2014). The produced "click" is directed out the front of the melon. The 
highly directional nature of these signals has been investigated in a number of species using 
hydrophone arrays to measure or estimate transmission beam patterns (for a review, Kloepper 
2013). Multiple structures in the head are responsible for creating this high directionality. 
Directly posterior to the sound generators in the odonotocete head are air sacs overlaying the 
concave skull (Cranford et al. 1996). These sacs act as acoustic reflectors for the generated 
sounds, and redirect acoustic energy anteriorly towards the melon (Aroyan et al. 1992). The 
composition and layering of acoustic fats within the melon further collimate the sound towards 
the anterior forehead, and also act as an impedance matching device for sound traveling into 
the water (Norris and Harvey 1974; Litchfield and Greenberg 1974). Furthermore, the melon is 
surrounded by a collection of muscles and tendons (Mead 1975; Knudsen and Konishi 1979; 
Heyning 1989; Cranford et al. 1996; Huggenberger et al. 2009), which have been suggested to 
have the ability to change the directional properties of the emitted sonar beam (Kloepper et al. 
2012a; Cranford et al. 2014; Jensen et al. 2015). Some recent studies offer supportive evidence 
of active focusing during echolocation in a captive false killer whale (Kloepper et al. 2012a, 
2015), although the same phenomena was not observed in similar studies with two other 
odontocete species (Stenella frontalis, Jensen et al. 2015; Phocoena phocoena, Wisniewska et 
al. 2015), leaving this topic an active area of discussion.  
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 While it is likely that all odontocetes use homologous structures for the generation and 
transmission of echolocation signals (Cranford et al. 1996), there are clear differences between 
species in head morphology, anatomy, and signal design.  One species with a visually clear 
difference in external head morphology is the Risso's dolphin (Grampus griseus, Cuvier, 1812), 
a pelagic species that occurs primarily in temperate and tropical deep waters near continental 
shelves and submarine canyons (Leatherwood et al. 1980). This species has evolved a vertical 
indentation, or crease, along the anterior face of the melon (Leatherwood et al. 1983), an 
anatomical feature not shared by any other odontocete (Fig. 4.1).  
 
 
Fig. 4.1 The female Risso's dolphin (Grampus griseus) used in this study, showing the unique 
melon cleft, a characteristic trait of the species. 
 
 Despite this conspicuous morphological difference and their relative availability in 
captivity, the Risso's dolphin remains poorly studied, and the function of the melon cleft remains 
unknown. Given both the established and hypothesized functions of the melon for echolocation  
(Evans et al. 1964; Norris and Harvey 1974; Litchfield and Greenberg 1974; Malins and 
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Varanasi 1975), the potential influence of the melon cleft on the outgoing echolocation beam of 
G. griseus is an intriguing question. It was not until relatively recently that the species was 
empirically shown to echolocate (Philips et al. 2003) and descriptions of the general 
characteristics of likely on-axis clicks have been obtained from captive (Philips et al. 2003) and 
wild individuals (Madsen et al. 2004b). It has been speculated that the melon cleft in the 
Risso's dolphin may be functionally important for echolocation (Nachtigall et al. 1995; 
Philips et al. 2003). The typically rounded and smooth shape of most odontocete foreheads is 
thought to be important for the directionality of outgoing echolocation signals (Norris 1968; 
Litchfield et al. 1979), thus it seems plausible that any influence of the cleft structure may be 
manifested in the outgoing beam. 
 Here we report the first beam measurements of an echolocating Risso's dolphin. While 
the dolphin was echolocating in a stationary location, the signals were recorded using a 16-
element hydrophone array, and on-axis characteristics and beam shape were calculated for each 
click. The Risso's dolphin produced biosonar signals that had acoustic characteristics comparable 
to those previously recorded for this species. The biosonar beam was predominantly single-
lobed, occasionally dual-lobed, and demonstrated greater directionality when compared to beams 
of similar frequency content reported for the harbor porpoise, bottlenose dolphin, and false killer 
whale. 
4.3 Methods 
A. Experimental subject and setup 
 The experimental subject of this study was a female Risso's dolphin named Da Hwa, 
housed in the animal care facilities of Fargory Ocean Park, in Hualien County, Taiwan (Fig. 4.1). 
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The animal was caught from the wild in 2003, but has been cared for at the site of the study for 
10 years, and was approximately 17 years old at the time of the experiment. Data were collected 
on August 13, 2014. At that time, the dolphin weighed 290.5 kg and measured 2.91 m in length. 
Previously, this animal was shown to have hearing sensitivities comparable to those already 
described for this species (Mooney et al. 2015), which include generally sensitive hearing across 
the range of frequencies from approximately 10 to 90 kHz (Nachtigall et al. 1995, 2005). Data 
were collected in one of the seven interconnected above-ground concrete pools that constituted 
the habitat enclosure at Farglory Park. This experimental pool was generally rectangular in 
shape, containing 1520 m
3
 of water volume with a maximum depth of 7.2 m. The experimental 
setup can be seen in Figure 4.2.  
 
Fig. 4.2 Experimental setup for recording of echolocation signals. 1 - experimental pool, 2 - 
location and orientation of the experimental setup within the pool (grey box), 3 - stationing 
location of animal between trials, 4 - location of trainer, 5 - underwater camera, 6 - station 
hoop, 7 - recording array. 
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 Echolocation signals were recorded from the animal when it was stationed horizontally in 
an underwater hoop parallel to the pool wall. The hoop, made of PVC and rubber tubing, was 
suspended in the water 1.55 m away from the side of the pool at a depth of 1 m via a wooden 
plank that extended out above the water perpendicular to the side of the pool. The tip of the 
animal's rostrum was approximately 15 m away from the perpendicular wall in front of it. In the 
same manner, the recording array was suspended in the water 2 m in front of the hoop, with the 
center hydrophone positioned at 1 m depth directly in line with the center of the hoop. To 
monitor the animal's position during trials, an underwater camera (SCS Enterprises, Montebello, 
NY, USA) was positioned at a depth of 1 m in the water to the side of the stationing subject at an 
angle of 90 degrees to the center of the station hoop. This camera was viewed in real time by the 
trainer as trials were being conducted and also recorded on a laptop.  
B. Experimental procedure 
 The test subject commonly shared pools with bottlenose dolphins also housed at the 
facility. Prior to the start of an experimental session, the animal was asked to separate into one of 
the two pools used for data collection. Experiments consisted of multiple trials where the trainer 
asked the subject to station horizontally in the hoop up to its pectoral fins. Once the animal was 
properly positioned in the hoop, acoustic recording with the hydrophone array was started and 
echolocation clicks were collected for up to 60 seconds. Since the animal was not trained for any 
target detection or discrimination tasks, attempts were often made to stimulate echolocation by 
dropping a 5 lb scuba weight attached to monofilament line 1 m into the water at varying 
distances between 2-8 meters behind the array. Clicks were also recorded when the target was 
not present in the water.  Because no detection tasks were being performed, there was no visual 
obstruction between the subject and the array or target. Trial lengths varied, but typically lasted 
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between approximately 10 and 60 seconds each, after which the trainer blew a whistle, signaling 
the animal to back out of the hoop and return to the trainer to receive a reward.  
C. Data acquisition  
 Click signals were recorded using an array of 16 Reson 4013 hydrophones (Reson, 
Slangerup, Denmark) attached to a 1/2 inch PVC frame and arranged in a star shaped pattern 
(Fig. 4.3).  
 
Fig. 4.3 Diagram of the 16 element hydrophone array, as previously published in Kloepper et al. 
2012b. Black circles represent the location of each hydrophone. 
 
 Hydrophones were approximately 25 cm apart, with the full diameter of the array 
measuring 1.46 m. This configuration has successfully been utilized to investigate echolocation 
characteristics in a number of previous studies (Ibsen et al. 2012; Kloepper et al. 2012b). The 
distance between the pool wall and the outmost hydrophones on the near-side of the array was 82 
cm. Each hydrophone occupied an independent channel and was amplified by 20 dB with a 
custom-built sixteen channel amplifier before being sent to two National Instruments DAQmx 
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PCI-6133 analog to digital (A/D) boards (National Instruments, Austin, TX, USA), where the 
signals were digitized using a custom LABVIEW (National Instruments, Austin, TX, USA) 
program at a rate of 500 kHz for offline analysis. Simultaneous recording of a 1000 sample 
window from all 16 hydrophones was triggered by the central hydrophone, including a 50 
sample rolling buffer which allowed the clicks to be recorded in their entirety on all the 
hydrophones despite the slightly delayed time of arrival on the peripheral hydrophones. The data 
were then analyzed using custom algorithms written with MATLAB software (Mathworks, 
Natick, MA, USA).  Prior to the experiment, the array was calibrated and demonstrated less than 
2 dB variation in sensitivity to received synthetic broadband click signals with a center frequency 
of 60 kHz projected with a Reson 4040 (Reson, Slangerup, Denmark) transducer. 
D. Data analysis 
 The slightly  flexible nature of the PVC station hoop allowed the animal to sometimes 
push the hoop a few centimeters forward while trying to maintain the proper stationing position. 
Similarly, the distance that the animal pushed its head into the hoop was also somewhat variable. 
Both situations resulted in a small measure of variability in the distance between the animal and 
the receiving array. The structures responsible for sound generation were assumed to be the 
phonic lips, situated directly underneath the blowhole. Recordings from the underwater hoop 
camera for each trial were analyzed with Tracker motion analysis software (Brown 2009) to 
calculate the precise distance the hoop was pushed forward for each click and the distance the 
animal's sound generating structures were positioned ahead of the hoop. Thus, the precise 
distance between the animal and the array was measured and this distance was used to determine 
source level values. 
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 To determine the value of echolocation parameters, first the on-axis echolocation signal 
was identified as the hydrophone with the highest peak-to-peak voltage value. Signals in which 
the on-axis click was located on the peripheral array hydrophones were omitted from further 
analysis. The source level, center frequency, peak frequency and -3 dB bandwidth (as described 
in Au and Hastings 2008) were calculated from the on-axis clicks using a 200 sample window 
encompassing the signal, with click energy starting around the sample 50 due to the rolling 
buffer of the acquisition program.  
 To determine the full spectrum beam shape, we employed an interpolation method used 
in prior beam measurement studies  (Starkhammar et al. 2011; Kloepper et al. 2012b). The sound 
pressure levels were first calculated on each hydrophone and then cubically interpolated over a 
0.05 m meshgrid superimposed on the array surface. A contour was then constructed 
representing 3dB less than the peak sound pressure level (SPL) of the click, and the area of the 
contour was calculated to yield the -3dB beam area. Because the recorded beam was circular (see 
results and Fig. 4.4), angular beamwidth was calculated using the radius of the beam area and 
distance measurements between the array and position of the phonic lips obtained from the video 
analysis.  
 To determine the frequency dependent beam shape, we used a method similar to 
Kloepper et al. (2012b). For each individual click, amplitude values from each hydrophone were 
averaged across 10-kHz bands.  These mean amplitude values were estimated via cubic 
interpolation at the nodes of a 0.05 m square grid superimposed over the array, then normalized 
to the peak amplitudes across all frequencies. The normalized amplitude values were finally 
plotted on an approximately 0.7 m
2
 two dimensional representation of the array. Classification of 
the lobe structure of clicks was based on strict criteria for visual inspection of these plots. Clicks 
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were classified as "dual-lobed" if the following criteria were met: 1) two distinct amplitude peaks 
were present, and were separated by a "valley" of lower energy that was at least 6 dB less than 
the amplitude of the predominant peak, 2) the secondary peak (i.e. the peak with lower 
amplitude) was at least 3 dB greater than the amplitude of the valley separating the two peaks, 
and 3) the amplitude of both peaks was within 12 dB of the peak amplitude of the click. 
 Given the variable environment in which the recordings were made, care was taken to 
remove all potentially confounding acoustic signals from the final dataset. While the test subject 
was the only animal present in the experimental pool during data collection, the pools were 
interconnected via swimming channels with metal barred gates as a barrier. This prevented 
complete acoustic separation between the test animal and the bottlenose dolphins in adjacent 
pools. Occasionally, clicks from the bottlenose dolphins in the side pools (see Fig. 4.2) could 
trigger the array recording through the gates. Such recordings were easily identified and removed 
from the analysis dataset via time-of-arrival differences of individual clicks at each hydrophone. 
Additionally, some recordings on the array would be triggered by a Risso's dolphin click but 
would also contain a recording of a bottlenose click within the 1000 sample recording window. 
Visual analysis of all waveforms was performed to determine if the bottlenose clicks were within 
the 200 sample analysis window surrounding the Risso's click. If so, they were subsequently 
omitted from the final dataset. At the same time, any other significant spurious acoustic energy 
that occurred within the recording window was also identified, usually in the form of returning 
echoes from either the animal's ensonification of the target or likely reflection off the 
perpendicular wall in front of it. If such reflections occurred within the 200 sample analysis 
window, the click was removed from the dataset. Furthermore, clicks were only included in the 
final analysis if the center hydrophone was within the -3dB beam area contour. These 
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conservative criteria were used to ensure that the -3dB beam area was represented in its entirety 
on the array. 
 To characterize the directivity of the dolphin's signals, we calculated the Directivity 
Index (DI), a measure of the directional property of a reception or transmission beam that is 
proportional to the size of the acoustic transducer (Urick 1983). We assumed the sound generator 
to be modeled as a circular piston in a baffle (Au 1993), and that the radius of that piston 
transducer is much greater than the wavelength of the projected sound. The angular beamwidth 
of a circular piston is given by the following equation from Au and Hastings (2008): 
          
     
   
)          (1) 
If the angular beamwidth (2θ) and wavelength (λ) of the transmitted sound are known, the 
diameter (d), and thus the area (A) of the circular transducer can be calculated by rearranging Eq. 
(1) into  
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           (2) 
Using the measured -3dB angular beamwidth (2θ) and center frequency wavelength (λ) of the 
transmitted sound, we first calculated the area of the hypothetical piston with Eq. (2). Then, 
using the calculated area, the DI was determined with the following equation:  
          
   
  
)          (3) 
 Regression analysis was conducted to compare the relationship of the calculated acoustic 
features of all clicks, and an unpaired t-test was conducted to compare acoustic features between 
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single and dual-lobed signals. All statistics were conducted using SPSS v.22 (IBM, Armonk, 
NY, USA).  
4.4 Results 
 A data set of 1190 echolocation clicks were recorded and considered for analysis. After 
our selection process (see methods), the final dataset consisted of 656 clicks. The mean distance 
between the animal's blowhole and the array was 1.71 m, which was used for all range dependent 
calculations. The on-axis waveform, spectra, and full-spectrum beam shape of a typical click are 
represented in Figure 4.4.  
 
 
Fig. 4.4 Waveform (a) and spectrum (b) of a typical on-axis click produced by the Risso's 
dolphin in this experiment. Click durations were approximately 80 µs long. (c) The full-spectrum 
beam shape of the same click. The dotted line encircles the -3dB beam area (0.035 m
2
). 
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 On-axis echolocation signals were produced at peak-to-peak levels ranging between 171 
and 216 dB SPL re: 1µPa (mean: 192 ± 9). Mean and standard deviation values for centroid 
frequency, peak frequency, and -3 dB bandwidth were 61 ± 8, 53 ± 12, and 38 ± 15 kHz, 
respectively. Peak frequencies showed a bimodal distribution, with separate groupings centered 
around 38 and 60 kHz. The -3 dB beam areas for all clicks were circular in shape, with a mean 
area of 0.055 ± 0.024 m
2
.  
 There was a significant positive linear relationship (R
2
  = 0.32, p < 0.01) between center 
frequency (CF) and source level (SL, Fig. 4.5A) of the echolocation clicks, with            
        . There was a significant negative linear relationship (R2  = 0.55, p < 0.01) between CF 
and beam area (BA, Fig. 4.5B), with                   . There was a significant, albeit 
weak (R
2 
= 0.18, p < 0.01) positive linear relationship between CF and -3dB bandwidth (BW, 
Fig. 4.5C), with                      
 
 
Fig. 4.5 Relation between center frequency and acoustic features of signals. a) Change in source 
level (dB re: 1μPa) with center frequency. There was a significant positive linear relationship 
(R
2
  = 0.32, p < 0.01) between center frequency and source level; b) Change in beam area with 
center frequency. There was a significant negative linear relationship (R
2
  = 0.47, p < 0.01) 
between center frequency and beam area; c) Change in -3dB bandwidth with center frequency. 
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 Echolocation clicks with smaller beam areas demonstrated on-axis click spectra with 
higher overall amplitudes and more energy at higher frequencies than signals with wider beam 
areas. In addition to varying the click spectra, the dolphin demonstrated flexibility in the overall 
beam size within a trial. Over just a few clicks, the dolphin changed its beam area nearly three-
fold with no clear pattern in beam area modification.  Across all trials, there was no correlation 
(R
2 
= 0.02) between click number and beam area, indicating the dolphin varied its beam area 
unpredictably throughout a trial. This is not unexpected given that the animal was not performing 
a trained echolocation task.   
 The frequency dependent beam shapes of a typical click can be seen in Figure 4.6A. The 
majority (98.2%) of clicks were relatively symmetrical and circular in shape, exhibiting energy 
in a single primary lobe both for the full-spectrum beam (Fig. 4.4C) and for a frequency-
dependent beam separated into 10 kHz bins (Fig. 4.6A), with a narrowing at higher frequencies. 
However, a small subset (1.8%) of clicks exhibited a vertically oriented dual lobe structure that 
was frequency dependent (Fig. 4.6B).  
 For these signals, the dual-lobed structure appeared consistently within the 60-100 kHz 
frequency band.  There was a significant difference in peak frequency (PF) and bandwidth (BW) 
between the single lobed and dual-lobed conditions; (PF: t(656) = 2.75, p < 0.01; BW: t(656) = 
2.65, p < 0.01). The dual-lobed signals demonstrated higher peak frequencies and wider 
bandwidths than the single-lobed signals. There was no significant difference in source level, 
center frequency, or beam area between the two beam types (p > 0.05).  
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Fig. 4.6 Frequency dependent amplitude plots of two separate clicks exhibiting (a) single-lobed 
and (b) vertically oriented dual-lobed beam shape. The spectrum of each click as recorded 
across the hydrophones is binned into 10 kHz groups and overlaid across spatial representations 
of the recording array. The two separate lobes in (b) are separated by approximately 13.2
º
. 
 
  The average -3 dB angular beamwidth for all clicks was 8.7 degrees. The 
resulting mean radius of the hypothetical circular piston was 13 cm (see Eq. 1 and 2 in methods), 
with a minimum of 9 cm. This is more than three times greater than the 2.4 cm wavelength of the 
CF, making a calculation of the DI from Eq. (2) valid. Using the CF, radius values, and distance 
between the phonic lips and array, a directivity index was calculated for each recorded 
echolocation click. The mean DI was 26.6 dB (± 1.5 SD) for this Risso's dolphin, ranging 
between 21.7 and 30.0 dB. Angular beamwidth narrowed and the DI increased as CF of the 
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Risso's echolocation clicks increased (Fig. 4.6), generally following the principles of linear 
acoustics in which higher frequencies create more directional beams than lower frequencies. 
However, the relationship between CF and DI in the Risso's dolphin showed a significantly 
logarithmic relationship (Fig. 4.7, R
2
 = 0.5, p<0.01), with                        , with 
the directivity of clicks appearing to level off at higher CF values. 
 
 
Fig. 4.7 Change in directionality index (DI) of Risso's echolocation clicks according to centroid 
frequency (CF), fit with a logarithmic regression (CF
2
, p < 0.01, R
2
 = 0.5). 
 
4.5 Discussion 
 In this study, we recorded and analyzed the echolocation clicks of a stationary Risso's 
dolphin with an array of 16 hydrophones. These results demonstrate the first reporting of 
controlled, conclusive on-axis echolocation clicks and beam characteristics from a Risso's 
dolphin. Echolocation clicks have previously been recorded from both captive and free-ranging 
Risso's dolphins (Philips et al. 2003; Madsen et al. 2004b), although the on-axis nature of the 
echolocation signals was assumed in both these studies and not directly controlled for. The mean, 
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maximum, and minimum values for SL, CF, peak frequency, and -3dB bandwidth reported here 
fall closely in line with those reported previously, which further supports the assumption of 
Philips et al. and Madsen et al. that they recorded on-axis echolocation signals. While our mean 
SL and centroid frequency were lower than the recorded free ranging individuals by 30 dB and 
14 kHz, respectively, such differences are not unexpected since odontocetes have been shown to 
produce higher SPLs in open water environments versus closed tank environments in captivity 
(Au 1993). 
 Despite the strong similarity of on-axis acoustic parameters measured here with the 
previously studied captive individual and free-ranging animals, it is important to note that the 
beam measurements were collected from only a single individual and may not be representative 
of the entire species. There is demonstrated variability of click spectral properties and beamwidth 
between multiple individuals within a species (Houser et al. 1999), and individuals also change 
their outgoing signals according to the task being performed (Au et al. 1985; Houser et al. 1999; 
Philips et al. 2003; Kloepper et al. 2012a; Wisniewska et al. 2015). In this study, the test subject 
was not performing a trained echolocation task and therefore comparison of the Risso's in this 
study to other species should be made with caution. However, these are the first beam 
measurements taken of a Risso's dolphin and it is nonetheless valuable to make comparisons 
with the data that are available, as has been done in previously published studies on the beam 
characteristics of individuals of other odontocete species (Au et al. 1995, 1999; Rasmussen et al. 
2004). 
 The Risso's produced a small subset of echolocation signals that exhibited a dual-lobed 
structure (Fig. 4.6). This dual-lobed characteristic has been reported for other odontocete species 
(Starkhammar et al. 2011; Kloepper et al. 2012b) and with bats, another group of echolocating 
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mammals (Ghose et al. 2007). Although the exact mechanism for producing these dual-lobed 
signals is unknown, it is thought that this dual-lobe structure might aid in signal processing 
during echolocation. The dual-lobed signals produced by this individual Risso's dolphin have 
higher peak frequencies and wider - 3 dB bandwidths than the single-lobed signals. This suggests 
that the dual-lobed nature of these signals may be generated internally, since the frequency 
characteristics of signals are thought to be driven by properties of the soft tissue structure 
generating echolocation clicks (Cranford et al. 2014). However, since the Risso's was not 
performing a trained echolocation task and the dual lobed occurrences were rare, their biological 
relevance cannot be determined from this study. 
 The mean angular beamwidth of 8.7 degrees for this Risso's dolphin is narrower than that 
recorded for the harbor porpoise (16.5º, from Au et al. 1999; 13º and 11º in the horizontal and 
vertical plane, respectively, from Koblitz et al. 2012) and bottlenose dolphin (10º, from Au 
1993), but wider than that of the beluga (6.5º, Au et al. 1987). It is also similar to that of the false 
killer whale, which was found to have a 9.7º and 6.2º angular beamwidths in the vertical and 
horizontal planes, respectively (Au et al. 1995). The directionality of a sound is influenced by the 
frequency content of the emitted sound, therefore complicating any comparison of the DI 
between different species. Nonetheless, comparisons can be made if the appropriate signals are 
considered. While the Risso's dolphin produces clicks with mean centroid frequencies almost one 
octave lower than those of trained bottlenose or belugas (Madsen et al. 2004b), there are a subset 
of Risso's clicks that exhibit centroid frequencies between 70-85 kHz (N=94, 14% of total), 
which bear the closest resemblance to the overall spectral content of clicks from the other 
species. A mean DI of 28.0 dB for this subset of clicks further indicates the Risso's dolphin in 
this study has a narrower echolocation beam than that reported for a harbor porpoise (22 dB, Au 
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et al. 1999; 24 dB, Koblitz et al. 2012) and a bottlenose dolphin (26 dB, Au 1993), a similar 
beam to that of a false killer whale (28.5 dB, Au et al. 1995), but a wider beam than a beluga 
(32.1 dB, Au et al. 1987).   
 The beam pattern data for a false killer whale published by Au et al. (1995) includes 
multiple DIs calculated for different groups of echolocation clicks, allowing for closer 
comparison with the Risso's in our study. In the Au et al. study, signals were categorized into 4 
groups according to spectral shape and frequency emphasis, with a mean CF and DI calculated 
for each group. Comparison of DI values between the Risso's clicks and false killer whale click 
groups reveals that the DI of the Risso's tended to be higher than the false killer whale when CF 
is taken into account (Fig. 4.8). The difference between the individuals appears to be greater at 
the lower and mid CFs (~40-70 kHz) than higher ones (>70 kHz).  
 
Fig. 4.8 Comparison of directionality index (DI) according to centroid frequency for the Risso's 
dolphin and false killer whale. DI values for the false killer whale came from Au et al. (1995). 
 
 Given the experimental differences in data collection between the Risso's and false killer 
whale, it cannot be concluded here if the differences in DI between the two are task or species 
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related. However, it is reasonable that a generally increased directionality of lower frequency 
signals could be valuable for effective performance of the Risso's biosonar. Risso's dolphins 
occur primarily in temperate and tropical deep waters near continental shelves and submarine 
canyons (Leatherwood et al. 1980), and are thought to feed almost exclusively on neritic and 
oceanic squid as indicated by analysis of stomach contents from stranded individuals (Clarke and 
Pascoe 1985; Cockcroft et al. 1993; Blanco et al. 2006). While only one study has documented 
the diving behavior of a single, rehabilitated individual (Wells et al. 2009), the species' capability 
to dive deeply in search of prey is further corroborated by passive acoustic recordings on 
receivers at depths of 800 m in the Mediterranean (Giorli et al. 2015). The increased 
directionality of the Risso's outgoing beam at lower frequencies, combined with reduced 
attenuation of lower frequencies through a medium, would result in an improvement in the 
overall detection range of a biosonar system; an adaptation that is likely advantageous for an 
animal foraging in deeper, open ocean waters. 
 In addition to being influenced by frequency, the DI parameter is also proportional to the 
size of a transducer (Urick 1983). If a circular piston transducer with a larger area produces the 
same beam pattern at the same frequency as a transducer with a smaller area, the larger 
transducer would have a higher directivity index. Thus, perhaps difference in DI between the G. 
griseus and P. crassidens individuals may be explained by a difference in size of the sound 
generating structures. Au et al. (1999) made a comparison of DI to the head diameter of four 
species of odontocete, using head diameter as a likely relative indicator of the size of the animal's 
sound generators, and found there was a strong correlation between DI and head diameter 
divided by the wavelength of the peak frequency (d/λ) of the animal's click signals. The head 
circumference of the Risso's used in this study was 120 cm at the position of the blowhole, with a 
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corresponding diameter of 38.2 cm. Coincidentally, these are the same head measurements as 
those reported for the false killer by Au et al. (1999).  Like the above DI comparison between 
species, it is important to make comparisons based on clicks with the most similar spectral 
emphasis. The subset of Risso's echolocation clicks that most closely resembled the clicks for 
other species (i.e. the 14% of clicks with the highest CF values), exhibited a mean peak 
frequency of 63.4 kHz, with a corresponding wavelength of 0.023 m. The same analysis of Au et 
al. (1999)  applied to this Risso's dolphin resulted in a d/λ parameter value of 16.6 cm/Hz. 
Plotting these values for the Risso's dolphin alongside those for the additional species originally 
published by Au shows that the directional beam characteristics of this Risso's do not fit well 
into the relationship reported for other species (Fig. 4.9). Despite producing peak frequencies 
lower than the other species by more than 50 kHz, the Risso's beam was surprisingly directional 
even when accounting for the large head size.    
 The Risso's deviation from the trend seen in other species cannot be attributed to click 
frequency content nor the size of the head (and thus the presumably related size of the sound 
generating structures), suggesting it may be due to influences from anatomical structures 
responsible for the directional transmission of echolocation clicks into the environment. Such 
structures are thought to be homologous in odontocete species (Cranford et al. 1996), and include 
the skull, air sacs, and melon (Aroyan et al. 1992; Cranford et al. 2014). Definitive attribution to 
one of these specific structures is not possible with the data available. However, as the unique 
melon cleft is arguably the most conspicuous difference in head morphology of the Risso's and 
its function remains unknown, it is interesting to speculate on the cleft as a possible factor 
influencing this deviation.  
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Fig. 4.9 Plot originally published by Au. et al., (1999) of the relationship between directivity 
index, - 3 dB angular beamwidth, head circumference, and wavelength of peak frequencies for 
four odontocete species (Pp - harbor porpoise, Phocoena phocoena; Tt - bottlenose dolphin, 
Tursiops truncatus; Pc - false killer whale, Pseudorca crassidens; Dl - beluga whale, 
Delphinapterus leucas). The results of that study showed a strong correlation between the 
parameters in the four previously studies species. The same data for the Risso's dolphin was 
collected in this study, and has been added to the original plot for comparison (Gg - Grampus 
griseus). The relationship between the four parameters in the Risso's dolphin does not fit well 
with the relationships described in other species. It should be noted that recent studies have 
found the transmission beam of a second harbor porpoise individual to be narrower than that 
recorded by Au et al. (1999), with a DI of 24 dB (Koblitz et al. 2012), however since no data on 
head circumference or click peak frequencies was simultaneously presented, it cannot be 
included in the current comparison. 
 
 The shape of the melon likely has an influence on the directional formation of signals in 
most odontocete species (Litchfield and Greenberg 1974; Mckenna et al. 2012), and it has been 
speculated that the unique external morphology of the G. griseus melon is important for the 
echolocation of the species (Nachtigall et al. 1995; Philips et al. 2003). It seems plausible that the 
cleft structure may influence some aspect of the outgoing beam, including the directionality of 
the signal. Multiple studies have documented the lipid topography inside the odontocete melon, 
which shows a low-density, slower sound speed core surrounded by a gradient of higher density, 
faster sound speed layers towards the outer regions of the acoustic fats and tissue near the 
seawater interface. The variable sound velocities as a result of this layering are thought to 
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significantly assist in the refractive collimation of the directional acoustic beam (Litchfield et al. 
1979), which has been corroborated by studies using finite element modeling methods (Cranford 
et al. 2014). The magnitude of this refraction would also be influenced by the angle at which the 
generated sound waves hit the interfaces between the layers, including the tissue-seawater 
interface (i.e. forehead shape). The increased amount of surface curvature of the Risso's melon 
created by the raised ridges would result in different angles of incidence of projected 
echolocation clicks than the smoothly rounded melon shapes of most odontocetes, which may be 
one mechanism by which the cleft could increase the directionality of the outgoing beam. 
Furthermore, the magnitude of this potentially increased refractive collimation may also be 
frequency dependent due to the spatial location of the thickened ridges lateral to the midline of 
the melon. However, no conclusions can be made about these hypotheses from this study alone. 
More controlled investigations with a greater number of individuals of the species are required to 
further address these possibilities.  
4.6 Conclusions 
 Echolocation signals were recorded with an array of hydrophones from a captive Risso's 
dolphin (Grampus griseus) that was trained to station in an underwater hoop. On-axis signal 
characteristics were investigated from the hydrophone with the highest peak-to-peak voltage, and 
beam characteristics were explored using both broadband and frequency dependent amplitude 
plots of click signals. These data show that the overall two dimensional shape of the beam in G. 
griseus is similar to that reported for the bottlenose dolphin and false killer whale. The 
relationship between signal frequency content, directionality, and estimated size of the sound 
generating structures in the Risso's individual does not fit well with the same relationship trend 
described for individuals of other species. This Risso's showed an increased directionality at 
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lower frequencies when the signal frequency content and estimated size of the sound generating 
structures were considered, which suggests the influence from anatomical structures responsible 
for the directional transmission of echolocation clicks into the environment such as the skull, air 
sacs, or melon. 
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Chapter 5 
CONCLUSION 
5.1 Summary 
 Odontocetes are considered to be acoustic specialists, which extensively utilize sound to 
forage, navigate, and communicate with conspecifics. Yet, while there are approximately 76 
species of odontocete (Committee on taxonomy 2014), there are little to no data available on 
hearing or echolocation characteristics from the vast majority of them. The specific goal of this 
dissertation research was to investigate and describe basic characteristics of hearing and 
echolocation in under-studied odontocete species. The results presented here provide the first 
descriptions of auditory temporal resolution in four species (the spinner dolphin, pygmy killer 
whale, long-finned pilot whale, and Blainville's beaked whale), a comparison of far-field 
directional hearing and auditory pathways in the Risso's dolphin, and also the first description of 
the transmission beam in the same individual of this species. 
 In the second chapter, the modulation rate transfer functions were measured from four 
stranded odontocetes by recording auditory evoked potentials in response to temporally 
modulated stimuli. The individuals all showed the ability to process stimuli at high modulation 
rates up to and exceeding 1250 Hz. These data indicate auditory temporal resolution similar to 
other studied odontocete species and support the hypothesis that high temporal resolution is 
conserved throughout the diverse range of odontocete species (Mooney et al. 2009). Comparison 
of the MRTFs between odontocetes of different echolocation characteristics suggests that 
auditory temporal resolution is not related to echolocation signal type. However, there is a 
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general trend indicating that animals with smaller body sizes show better auditory temporal 
resolution as estimated from their MRTF.  
 The results of the third chapter expand upon the work of previous researchers and provide 
a more detailed characterization of asymmetric auditory thresholds in the Risso's dolphin, as well 
as auditory reception along the unique morphology of the Risso's dolphin melon. The Risso's 
dolphin shows an area of increased auditory sensitivity in the middle of the melon cleft, which 
may indicate that the melon provides some degree of auditory reception. Additionally, auditory 
threshold measurements from multiple analogous locations on both the right and left sides of the 
dolphin's head showed consistent asymmetry, with the animal's hearing being significantly 
elevated on the right side. These results may suggest that either pathways for received sound are 
asymmetric between the right and left sides of the head, or it may reflect an asymmetry in the 
auditory sensitivities of the two ears themselves. Furthermore, this research resulted in the first 
description of directional hearing in this species, constituting only the fifth odontocete species 
for which directional hearing measurements are available. The Risso's dolphin was found to have 
acute, frequency-dependent directional hearing that is similar to other described species 
(Kastelein et al. 2005; Popov et al. 2006; Popov and Supin 2009). The comparison free-field 
directional hearing to asymmetric auditory thresholds to contact sound stimuli in one individual 
provided the first insight into how these auditory measurements compare to each other and may 
yield different results.  
 The results of the fourth chapter provide the first description of the echolocation 
transmission beam of a Risso's dolphin. Echolocation signals were recorded with an array of 
hydrophones from a captive individual that was trained to station in an underwater hoop. On-axis 
signal characteristics were investigated from the hydrophone with the highest peak-to-peak 
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voltage, and beam characteristics were explored using both broadband and frequency dependent 
amplitude plots of click signals. The overall two dimensional shape of the beam is similar to that 
reported for the bottlenose dolphin and false killer whale, although the relationship between 
signal frequency content, directionality, and estimated size of the sound generating structures in 
the Risso's individual does not fit well with the same relationship trend described for individuals 
of other species (Au et al. 1999). Compared to the false killer whale (Au et al. 1995), the Risso's 
showed an increased directionality at lower frequencies when the signal frequency content and 
estimated size of the sound generating structures were considered, which suggests the potential 
influence from anatomical structures responsible for the directional transmission of echolocation 
clicks into the environment such as the skull, air sacs, or melon. As a deep diver foraging in open 
ocean water, this increased directionality is likely advantageous for individuals of the species by 
increasing the detection range of their biosonar system. 
 Fundamental aspects of echolocation and hearing remain largely unexplored in most 
odontocete species due to the fact that such research can only be conducted with animals under 
direct human care and often requires extensive training and resource investment for research 
specific tasks. Such requirements have largely limited most complex auditory research to the few 
species that are trained and cared for at scientific institutions. The availability of different species 
is a common limitation when doing research with marine mammals in controlled experimental 
settings. This research highlights the value of supporting and partnering with public display and 
rehabilitation facilities which care for and train a much greater diversity of marine mammal 
species than are found in research institutions. Such collaborative efforts provide an invaluable 
opportunity to increase basic knowledge of acoustic systems in additional odontocetes and 
provide for more powerful comparative analysis across species.  
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5.2 Future research 
 The results presented here also yield new research questions that should receive 
additional investigation. The apparent correlation between animal size and auditory temporal 
resolution  requires further exploration to elucidate the possible causes of this relationship and 
whether or not it represents a biologically significant trend in odontocete audition. Currently, it 
cannot be ruled out that the trend is an epiphenomenon related to the use of non-invasive AEP 
methods across subjects with a large gradient in body size. To exclude this possibility, auditory 
temporal integration times should also be estimated via behavioral experiments with trained 
individuals of the same species. Such experiments would both test the assumption that MRTF 
estimates of auditory integration time match those of behavioral paradigms in species' beside the 
bottlenose dolphin and also indicate if the trend between body size and MRTF estimates of 
auditory temporal resolution is simply an artifact of the electrophysiological methodology. 
Additionally, while auditory temporal resolution has now been investigated in 13 odontoctes, this 
represents a small fraction of the total number of extant species. Attempts should also be made to 
opportunistically measure auditory temporal resolution in additional odontocetes, which could 
allow for comparison of temporal acuity in relation to ecological factors such as prey choice, 
habitat, diving behavior, or foraging strategies. 
 The auditory temporal resolution of the small, neonate Risso's dolphin (Mooney et al. 
2006) constitutes a noticeable deviation from the trend described here.  The relatively poor 
resolution found in this individual cannot be attributed to a disparity in body size. It is possible 
that the poor temporal acuity in this individual may be due to its very young age. While there is 
evidence that neonate odontocetes exhibit precocious hearing (Wahlberg et al. 2017), the 
development of auditory temporal resolution has not been measured directly. It is suggested that 
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MRTFs should be collected from an adult Risso's dolphin for comparison, and future efforts 
should be made to measure MRTFs from individual odontocetes at different life stages. 
 Current understanding of odontocete sound reception is still incomplete. The asymmetry 
to contact acoustic stimuli found in the Risso's dolphin here as well as multiple other odontocetes 
may suggest that asymmetry in auditory pathways is likely more pervasive in these animals than 
previously considered. It has been  hypothesized that there are multiple, frequency dependent 
pathways by which sound is channeled to the odontocete ear (Popov and Supin 1990b; Ketten 
1992, 2000, Popov et al. 1992b, 2008; Mooney et al. 2014). Asymmetric, frequency dependent 
acoustic pathways on either side of an animal's head  perhaps confer some benefit towards signal 
processing and localization of sound. However, most studies of odontocete auditory pathways 
test only a single side of an individual's head. Future research of odontocete auditory pathways 
should thus investigate the possibility of frequency and site-specific asymmetry between the 
right and left sides of a test subject's head, and attempt to tie these characteristics to signal 
processing and localization abilities. 
 These same experiments should also extend to the possibility of auditory reception on the 
melon. Multiple documentation of areas of increased auditory receptivity along the anterior face 
of the melon beg the question: does sound reception via the melon represent a functionally 
significant acoustic pathway? It has been postulated that a window auditory sensitivity along the 
melon could play some role in the directional localization of received acoustic signals 
(Nachtigall 2016). This question could be approached by measuring minimum audible angles in 
a trained a captive individual under two experimental contexts: one where acoustic signals 
incident on subject's melon cleft are blocked by neoprene and a second context where the 
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subject's melon cleft is uncovered. Such an method has previously been used to investigate 
auditory reception in the bottlenose dolphins (Brill and Harder 1991). 
 This future research direction is particularly intriguing when considering the potential 
function of the unique morphology of Risso's dolphin melon. If the melon does represent a 
functional pathway for received sound, then perhaps the raised ridges, which create the 
bifurcated melon shape and appear to exhibit poorer sensitivity than the melon valley, shade or 
attenuate sounds laterally incident on the dolphin's head. Such a mechanism could potentially 
increase the magnitude of binaural cues available to the dolphin, and improve sound localization 
acuity. However, due to the importance of the melon for effective transmission of sound into the 
environment, it has been more commonly hypothesized that the melon groove of the Risso's 
dolphin plays some role in the acoustic systems of the species (Nachtigall et al. 1995). The 
transmission beam of the individual studied here showed no clear difference in shape from those 
found in other odontocetes, but did show increased directivity than would be expected by the size 
of the animal and the characteristics of its outgoing echolocation clicks. Finite Element Modeling 
is one method that could assist in determining if the melon groove plays a part in shaping the 
transmission beam pattern. Finite element modeling could also be paired with anatomical 
investigations of the tissues in the melon cleft, which would provide information about the 
tissues' possible acoustic properties. 
 
 
 
 
87 
 
References 
Agterberg MJH, Snik AFM, Hol MKS, Van Wanrooij MM, Van Opstal AJ (2012) Contribution 
of monaural and binaural cues to sound localization in listeners with acquired unilateral 
conductive hearing loss: Improved directional hearing with a bone-conduction device. Hear 
Res 286:9–18. doi: 10.1016/j.heares.2012.02.012 
Aguilar de Soto N, Madsen PT, Tyack P, Arranz P, Marrero J, Fais A, Revelli E, Johnson M 
(2012) No shallow talk: Cryptic strategy in the vocal communication of Blainville’s beaked 
whales. Mar Mammal Sci 28:1–18. doi: 10.1111/j.1748-7692.2011.00495.x 
Amano M (2009) Finless porpoise, Neophocaena phocaenoides. In: Perrin W, B W, JGM T (eds) 
Encyclopedia of marine mammals. Elsevier/Academic Press, pp 437–439 
Amano M, Miyazaki N (2004) Composition of a school of Risso’s dolphins, Grampus griseus. 
Mar Mammal Sci 20:152–160. doi: 10.1111/j.1748-7692.2004.tb01146.x 
Aroyan JL, Cranford TW, Kent J, Norris KS (1992) Computer modeling of acoustic beam 
formation in Delphinus delphis. J Acoust Soc Am 92:2539–2545. doi: 10.1121/1.404424 
Aroyan JL, McDonald MA, Webb SC, Hildebrand JA, Clark D, Laitman JT, Reidberg JS (2000) 
Acoustic models of sound production and propagation. In: Au WWL, Popper AN, Fay RR 
(eds) Hearing by whales and dolphins. Springer New York, pp 409–469 
Arranz P, de Soto NA, Madsen PT, Brito A, Bordes F, Johnson MP (2011) Following a foraging 
fish-finder: Diel habitat use of Blainville’s beaked whales revealed by echolocation. PLoS 
One. doi: 10.1371/journal.pone.0028353 
Au WL, Pawloski D (1992) Cylinder wall thickness difference discrimination by an echolocating 
Atlantic bottlenose dolphin. J Comp Physiol A. doi: 10.1007/BF00190399 
Au WW, Moore PW (1984) Receiving beam patterns and directivity indices of the Atlantic 
bottlenose dolphin Tursiops truncatus. J Acoust Soc Am 75:255–262. doi: 
10.1121/1.390403 
Au WW, Moore PW, Pawloski DA (1988) Detection of complex echoes in noise by an 
echolocating dolphin. J Acoust Soc Am 83:662–668. doi: 10.1121/1.396161 
Au WWL (1993) The Sonar of Dolphins. Springer Verlag, New York 
Au WWL (1990) Target detection in noise by echolocating dolphins. In: Thomas JA, Kastelein 
RA (eds) Sensory abilities of cetaceans: laboratory and field evidence. Springer US, Boston, 
MA, pp 203–216 
Au WWL, Benoit-Bird KJ (2003) Automatic gain control in the echolocation system of dolphins. 
Nature 423:861–863. doi: 10.1038/nature01727 
Au WWL, Carder DA, Penner RH, Scronce BL (1985) Demonstration of adaptation in beluga 
whale echolocation signals. J Acoust Soc Am 77:726–730. doi: 10.1121/1.392341 
88 
 
Au WWL, Hammer Jr CE (1980) Target recognition via echolocation by Tursiops truncatus. In: 
Busnel RG, Fish JF (eds) Animal sonar systems. Plenum New York, pp 855–858 
Au WWL, Hastings MC (2008) Principles of marine bioacoustics. Springer US, New York, NY 
Au WWL, Kastelein RA, Benoit-Bird KJ, Cranford TW, McKenna MF (2006) Acoustic 
radiation from the head of echolocating harbor porpoises (Phocoena phocoena). J Exp Biol 
209:2726–33. doi: 10.1242/jeb.02306 
Au WWL, Kastelein RA, Rippe T, Schooneman NM (1999) Transmission beam pattern and 
echolocation signals of a harbour porpoise (Phocoena phocoena). J Acoust Soc Am 
106:3699–3705. 
Au WWL, Pawloski JL, Nachtigall PE, Blonz M, Gisner RC (1995) Echolocation signal and 
transmission beam pattern of a false killer whale (Pseudorca crassidens). J Acoust Soc Am 
98:51–59. 
Au WWL, Penner RH, Turl CW (1987) Propagation of beluga echolocation signals. J Acoust 
Soc Am 82:807–813. doi: 10.1121/1.395278 
Au WWL, Snyder KJ (1980) Long-range target detection in open waters by an echolocating 
Atlantic Bottlenose dolphin (Tursiopstruncatus). J Acoust Soc Am 68:1077–1084. doi: 
10.1121/1.384993 
Au WWL, Suthers RA (2014) Production of biosonar signals: structure and form. In: Surlykke 
A, Nachtigall PE, Fay RR, Popper AN (eds) Biosonar. Springer, New York, pp 61–105 
Au WWLW, Turl CWW (1983) Target detection in reverberation by an echolocating Atlantic 
bottlenose dolphin (Tursiops truncatus). J Acoust Soc Am 73:1676. doi: 10.1121/1.389389 
Bagdonas AP, Bel’kovich VM, Krushinskaya NL (1970) Interaction between delphinid analyzers 
in discrimination. J High Neural Act 20:1070–1074. 
Baird R (2009) False killer whale, Pseudorca crassidens. In: Perrin W, Würsig B, Thewissen J 
(eds) Encyclopedia of marine mammals. Elsevier/Academic Press, pp 405–406 
Baird RW, Borsani JF, Hanson MB, Tyack PL (2002) Diving and night-time behavior of long-
finned pilot whales in the Ligurian sea. Mar Ecol Prog Ser 237:301–305. doi: 
10.3354/meps237301 
Bannister JL (2009) Baleen Whales (Mysticetes). In: Perrin W, Würsig B, Thewissen J (eds) 
Encyclopedia of marine mammals. Elsevier/Academic Press, pp 80–89 
Baumann-Pickering S, McDonald MA, Simonis AE, Solsona Berga A, Merkens KPB, Oleson 
EM, Roch MA, Wiggins SM, Rankin S, Yack TM, Hildebrand JA (2013) Species-specific 
beaked whale echolocation signals. J Acoust Soc Am 134:2293–2301. doi: 
10.1121/1.4817832 
Berger WH (2007) Cenozoic cooling, Antarctic nutrient pump, and the evolution of whales. 
Deep Sea Res Part II Top Stud Oceanogr 54:2399–2421. doi: 10.1016/j.dsr2.2007.07.024 
89 
 
Bess FH, Tharpe AM, Gibler AM (1986) Auditory performance of children with unilateral 
sensorineural hearing loss. Ear Hear 7:20–26. doi: 10.1097/00003446-198602000-00005 
Bjørge A, Tolley KA (2009) Harbor porpoise, Phocoena phocoena. In: Perrin WF, Würsig B, 
Thewissen JGM (eds) Encyclopedia of marine mammals. Academic Press, pp 530–533 
Blanco C, Raduán MÁ, Raga JA (2006) Diet of Risso’s dolphin (Grampus griseus) in the 
western Mediterranean Sea. Sci Mar 70:407–411. 
Bogdanowicz W, Fenton MB, Daleszczyk K (1999) The relationships between echolocation 
calls, morphology and diet in insectivorous bats. J Zool London 247:381–393. doi: 
10.1111/j.1469-7998.1999.tb01001.x 
Bosman AJ, Hol MKS, Snik AFM, Mylanus EAM, Cremers CWRJ (2003) Bone-anchored 
hearing aids in unilateral inner ear deafness. Acta Otolaryngol 123:258–260. doi: 
10.1080/000164580310001105 
Branstetter BK, Mercado III E (2006) Sound localization by cetaceans. Int J Comp Psychol 
19:26–61. 
Branstetter BK, Mevissen SJ, Herman LM, Pack AA, Roberts SP (2002) Horizontal angular 
discrimination by an echolocating bottlenose dolphin, Tursiops truncatus. Bioacoustics 
14:15–34. doi: 10.1080/09524622.2003.9753510 
Brill RL, Harder PJ (1991) The effects of attenuating returning echolocation signals at the lower 
jaw of a dolphin (Tursiops truncatus). J Acoust Soc Am 89:2851–2857. doi: 
10.1121/1.400723 
Brill RL, Moore PWB, Dankiewicz LA (2001) Assessment of dolphin (Tursiops truncatus) 
auditory sensitivity and hearing loss using jawphones. J Acoust Soc Am 109:1717. doi: 
10.1121/1.1356704 
Brill RL, Sevenich ML, Sullivan TJ, Sustman JD, Witt RE (1988) Behavioral evidence for 
hearing through the lower jaw by an echolocating dolphin (Tursiops truncatus). Mar 
Mammal Sci 4:223–230. doi: 10.1111/j.1748-7692.1988.tb00203.x 
Brown D (2009) Tracker Video Analysis and Modeling Tool.  
Bruns V, Burda H, Ryan MJ (1989) Ear morphology of the frog-eating bat (Trachops cirrhosus, 
family: Phyllostomidae): Apparent specializations for low-freqency hearing. J Morphol 
199:103–118. doi: 10.1002/jmor.1051990109 
Bullock TH, Ginnel AD, Ikezono E, Kameda K, Katsuki Y, Nomoto M, Sato O, Suga N, 
Yanagisawa K (1968) Electrophysiological studies of central auditory mechanisms in 
cetaceans. J Comp Physiol A 59:117–156. 
Chen I, Watson A, Chou LS (2011) Insights from life history traits of Risso’s dolphins (Grampus 
griseus) in Taiwanese waters: Shorter body length characterizes northwest Pacific 
population. Mar Mammal Sci 27:43–64. doi: 10.1111/j.1748-7692.2010.00429.x 
90 
 
Clarke MR, Pascoe PL (1985) The stomach contents of a Risso’s dolphin (Grampus Griseus) 
stranded at Thurlestone, South Devon. J Mar Biol Assoc United Kingdom 65:663. doi: 
10.1017/S0025315400052504 
Cockcroft VG, Haschick SL, Klages NTW (1993) The diet of the Risso’s dolphin, Grampus 
griseus (Cuvier, 1812), from the east coast of South Africa. Z Saugertierkd 58:286–293. 
Colburn HS (1982) Binaural interaction and localization with various hearing impairments. 
Scand Audiol 15:27–45. 
Coles RB, Guppy A, Anderson ME, Schlegel P (1989) Frequency sensitivity and directional 
hearing in the gleaning bat, Plecotus auritus (Linnaeus 1758). J Comp Physiol A 165:269–
280. doi: 10.1007/BF00619201 
Committee on taxonomy (2014) List of marine mammal species and subspecies. Soc Mar 
Mammal www.marine:consulted on June 29, 2017. 
Cook MLH, Varela RA, Goldstein JD, McCulloch SD, Bossart GD, Finneran JJ, Houser D, 
Mann DA (2006) Beaked whale auditory evoked potential hearing measurements. J Comp 
Physiol A Neuroethol Sensory, Neural, Behav Physiol 192:489–495. doi: 10.1007/s00359-
005-0086-1 
Cox TM et al (2006) Understanding the impacts of anthropogenic sound on beaked whales. J 
Cetacean Res Manag 7:177–187. doi: 10.1109/LPT.2009.2020494 
Cranford TW (1992) Functional morphology of the odontocete forehead: implications for sound 
generation. University of California, Santa Cruz 
Cranford TW, Amundin M, Norris KS (1996) Functional morphology in the Odontocete nasal 
complex: implications for sound generation. J Morphol 228:223–285. 
Cranford TW, Krysl P, Hildebrand JA (2008) Acoustic pathways revealed: simulated sound 
transmission and reception in Cuvier’s beaked whale (Ziphius cavirostris). Bioinspir 
Biomim 3:16001. doi: 10.1088/1748-3182/3/1/016001 
Cranford TW, Trijoulet V, Smith CR, Krysl P (2014) Validation of a vibroacoustic finite element 
model using bottlenose dolphin simulations: the dolphin biosonar beam is focused in stages. 
Bioacoustics 23:161–194. 
Dean KF, Sheets LP, Crofton KM, Reiter LW (1990) The effect of age and experience on 
inhibition of the acoustic startle response by gaps in background noise. Psychobiology 
18:89–95. doi: 10.3758/BF03327220 
Dolphin WF, Au WWL, Nachtigall PE, Pawloski J (1995) Modulation rate transfer functions to 
low-frequency carriers in three species of cetaceans. J Comp Physiol A. doi: 
10.1007/BF00225102 
Donahue M, Perryman W (2009) Pygmy killer whale, Feresa attenuata. In: Perrin W, Würsig B, 
Thewissen J (eds) Encyclopedia of marine mammals. Elsevier/Academic Press, pp 938–939 
91 
 
Dubrovsky NA (1990) On the two auditory subsystems in dolphins. In: Thomas JA, Kastelein 
RA (eds) Sensory abilities of cetaceans: laboratory and field evidence. Springer US, Boston, 
MA, pp 233–254 
Eskesen IG, Wahlberg M, Simon M, Larsen ON (2011) Comparison of echolocation clicks from 
geographically sympatric killer whales and long-finned pilot whales (L). J Acoust Soc Am 
130:9–12. doi: 10.1121/1.3583499 
Evans WE (1973) Echolocation by marine delphinids and one species of fresh-water dolphin. J 
Acoust Soc Am 54:191. doi: 10.1121/1.1913562 
Evans WE, Sutherland WW, Biel RG (1964) The directional characteristics of delphinid sounds. 
In: Tayolga WN (ed) Marine bio-acoustics. Pergamon Press, New York, pp 253–372 
Evans WW, Powell BA (1967) Discrimination of different metallic plates by an echolocating 
delphinid. In: Busnel RG (ed) Animal sonar systems: Biology and bionics. Labaoratoire de 
Physiologie Acoustique, Jouy-en-Josas, France, pp 363–382 
Fenton B, Jensen FH, Kalko EK V., Tyack PL (2014) Sonar signals of bats and toothed whales. 
In: Surlykke A, Nachtigall PE, Fay RR, Popper AN (eds) Biosonar. Springer New York, pp 
11–59 
Fenton MB, Bogdanowicz W (2002) Relationships between external morphology and foraging 
behaviour: bats in the genus Myotis. Can J Zool 80:1004–1013. doi: 10.1139/Z02-083 
Finneran JJ, Houser DS (2006) Comparison of in-air evoked potential and underwater behavioral 
hearing thresholds in four bottlenose dolphins (Tursiops truncatus). J Acoust Soc Am 
119:3181–3192. doi: 10.1121/1.2180208 
Finneran JJ, Houser DS, Mase-Guthrie B, Ewing RY, Lingenfelser RG (2009) Auditory evoked 
potentials in a stranded Gervais’ beaked whale (Mesoplodon europaeus). J Acoust Soc Am 
126:484–90. doi: 10.1121/1.3133241 
Finneran JJ, London HR, Houser DS (2007) Modulation rate transfer functions in bottlenose 
dolphins (Tursiops truncatus) with normal hearing and high-frequency hearing loss. J Comp 
Physiol A Neuroethol Sensory, Neural, Behav Physiol 193:835–843. doi: 10.1007/s00359-
007-0238-6 
Fitch JE, Brownell Jr. RL (1968) Fish otoliths in cetacean stomachs and their importance in 
interpreting feeding habits. J Fish Res Board Canada 25:2561–2574. doi: 10.1139/f68-227 
Ford J (2009) Killer whale, Orcinus orca. In: Perrin W, Würsig B, Thewissen J (eds) 
Encyclopedia of marine mammals. Elsevier/Academic Press, pp 650–657 
Fordyce RE (2009) Cetacean evolution. In: Perrin W, Würsig B, Thewissen J (eds) Encyclopedia 
of Marine Mammals. Elsevier/Academic Press, pp 201–207 
Fordyce RE, Barnes LG (1994) The evolutionary history of whales and dolphins. Annu Rev 
Earth Planet Sci 22:419–455. doi: 10.1146/annurev.ea.22.050194.002223 
92 
 
Friedman JT, Peiffer AM, Clark MG, Benasich AA, Fitch RH (2004) Age and experience-related 
improvements in gap detection in the rat. Dev Brain Res 152:83–91. doi: 
10.1016/j.devbrainres.2004.06.007 
Fuzessery ZM (1996) Monaural and binaural spectral cues created by the external ears of the 
pallid bat. Hear Res 95:1–17. doi: 10.1016/0378-5955(95)00223-5 
Gannon DP, Read AJ, Craddock JE, Fristrup KM, Nicolas JR (1997) Feeding ecology of long-
finned pilot whales Globicephala melas in the western north Atlantic. Mar Ecol Ser 148:1–
10. 
Ghose K, Moss CF, Horiuchi TK (2007) Flying big brown bats emit a beam with two lobes in 
the vertical plane. J Acoust Soc Am 122:3717–3724. doi: 10.1121/1.2799491 
Gingerich PD (2005) Cetacea. In: Rose KD, Archibald JD (eds) Placental mammals: origin, 
timing, and relationships of the major extant clades. Johns Hopkins University Press, 
Baltimore, pp 234–352 
Giorli G, Au WWL, Ou H, Jarvis S, Morrissey R, Moretti D (2015) Acoustic detection of 
biosonar activity of deep diving odontocetes at Josephine Seamount High Seas Marine 
Protected Area. J Acoust Soc Am 137:2495–2501. doi: 10.1121/1.4919291 
Goold JC, Jones SE (1995) Time and frequency domain characteristics of sperm whale clicks. J 
Acoust Soc Am 98:1279–1291. doi: 10.1121/1.413465 
Greenhow DR, Brodsky MC, Lingenfelser RG, Mann DA (2014) Hearing threshold 
measurements of five stranded short-finned pilot whales (Globicephala macrorhynchus). J 
Acoust Soc Am 135:531–536. doi: 10.1121/1.4829662 
Heffner RS, Heffner HE (1992) Evolution of sound localization in mammals. In: Webster DB, 
Fay RR, Popper AN (eds) The evolutionary biology of hearing. Springer New York, New 
York, NY, pp 691–715 
Heide-Jorgensen MP, Bloch D, Stefansson E, Mikkelsen B, Ofstad LH, Dietz R (2002) Diving 
behaviour of long-finned pilot whales Globicephala melas around the Faroe Islands. 
Wildlife Biol 8:307–313. 
Hemilä S, Nummela S, Reuter T (1999) A model of the odontocete middle ear. Hear Res 
133:82–97. doi: 10.1016/S0378-5955(99)00055-6 
Herzing DL (1996) Vocalizations and associated underwater behavior of free-ranging Atlantic 
spotted dolphins, Stenella frontalis and bottlenose dolphins, Tursiops truncatus. Aquat 
Mamm 222:61–79. doi: 10.12966/abc.02.02.2015 
Heyning JE (1989) Comparative facial anatomy of beaked whales (Ziphiidae) and a systmatic 
revision among the families of extant Odontoceti. (Mesoplodon, Ziphius, Hyperoodon, 
Berardius, Tasmacetus. Contrib. Sci. Nat. Hist. Museum Los Angeles Cty. 405:1–64. 
Hooker SK (2009) Toothed whales, overview. In: Perrin W, Würsig B, Thewissen J (eds) 
Encyclopedia of Marine Mammals. Elsevier/Academic Press, pp 1173–1179 
93 
 
Houser DS, Finneran JJ (2006) Variation in the hearing sensitivity of a dolphin population 
determined through the use of evoked potential audiometry. J Acoust Soc Am 120:4090–
4099. doi: 10.1121/1.2357993 
Houser DS, Helweg DA, Moore PW (1999) Classification of dolphin echolocation clicks by 
energy and frequency distributions. J Acoust Soc Am 106:1579–1585. doi: 
10.1121/1.427153 
Huggenberger S, Rauschmann MA, Vogl TJ, Oelschläger HHA (2009) Functional morphology 
of the nasal complex in the harbor porpoise (Phocoena phocoena L.). Anat Rec 292:902–
920. doi: 10.1002/ar.20854 
Huihua Z, Shuyi Z, Mingxue Z, Jiang Z (2003) Correlations between call frequency and ear 
length in bats belonging to the families Rhinolophidae and Hipposideridae. J Zool 
259:S0952836902003199. doi: 10.1017/S0952836902003199 
Humes LE, Allen SK, Bess FH (1980) Horizontal sound localization skills of unilaterally 
hearing-impaired children. Int J Audiol 19:508–518. doi: 10.3109/00206098009070082 
Ibsen SD, Nachtigall PE, Krause-Nehring J, Kloepper L, Breese M, Li S, Vlachos S (2012) 
Spatial orientation of different frequencies within the echolocation beam of a Tursiops 
truncatus and Pseudorca crassidens. J Acoust Soc Am 132:1213–21. doi: 
10.1121/1.4730900 
Irving S, Moore DR (2011) Training sound localization in normal hearing listeners with and 
without a unilateral ear plug. Hear Res 280:100–108. doi: 10.1016/j.heares.2011.04.020 
Jensen FH, Wahlberg M, Beedholm K, Johnson MP, Soto NA, Madsen PT (2015) Single-click 
beam patterns suggest dynamic changes to the field of view of echolocating Atlantic spotted 
dolphins (Stenella frontalis) in the wild. J Exp Biol 218:1314–1324. doi: 
10.1242/jeb.116285 
Johnson CS (1966) Auditory thresholds of the bottlenosed porpoise, Tursiops truncatus.  
Johnson M, Madsen PT, Zimmer WMX, de Soto NA, Tyack PL (2006) Foraging Blainville’s 
beaked whales (Mesoplodon densirostris) produce distinct click types matched to different 
phases of echolocation. J Exp Biol 209:5038–50. doi: 10.1242/jeb.02596 
Johnson MP, Madsen PT, Zimmer WMX, Aguilar de Soto N, Tyack PL (2004) Beaked whales 
echolocate on prey. Proc Biol Sci 271 Suppl:S383-6. doi: 10.1098/rsbl.2004.0208 
Jones G, Holderied MW (2007) Bat echolocation calls: adaptation and convergent evolution. 
Proc R Soc B Biol Sci 274:905–912. doi: 10.1098/rspb.2006.0200 
JONES G, TEELING E (2006) The evolution of echolocation in bats. Trends Ecol Evol 21:149–
156. doi: 10.1016/j.tree.2006.01.001 
Kastelein R a, Janssen M, Verboom WC, de Haan D (2005) Receiving beam patterns in the 
horizontal plane of a harbor porpoise (Phocoena phocoena). J Acoust Soc Am 118:1172–
1179. doi: 10.1121/1.1945565 
94 
 
Keating P, Dahmen J, King A (2013) Context-specific reweighting of auditory spatial cues 
following altered experience during development. Curr Biol 23:1291–1299. doi: 
10.1016/j.cub.2013.05.045 
Ketten DR (1994) Functional analyses of whale ears: adaptations for underwater hearing. In: 
Proceedings of OCEANS’94. IEEE, p I/264-I/270 
Ketten DR (1992) The marine mammal ear: specializations for aquatic audition and 
echolocation. 717–750. 
Ketten DR (2000) Cetacean ears. In: Au WWL, Popper AN, Fay RR (eds) Hearing by whales 
and dolphins. Springer-Verlag, New York, pp 43–108 
Kinze C (2009) White-beaked dolphin, Lagenorhynchs albirostris. In: Perrin W, Würsig B, 
Thewissen J (eds) Encyclopedia of marine mammals. Elsevier/Academic Press, pp 1255–
1258 
Klishin VO, Popov V V, Supin A Ya (2000) Hearing capabilities of a beluga whale , 
Delphinapterus leucas. Aquat Mamm 26:212–228. 
Kloepper L (2013) Using array technology to understand dynamics of echolocation in bats and 
toothed whales. J Postdr Res 1:1–8. 
Kloepper LN, Buck JR, Smith AB, Supin AY, Gaudette JE, Nachtigall PE (2015) Support for the 
beam focusing hypothesis in the false killer whale. J Exp Biol 218:2455–2462. doi: 
10.1242/jeb.119966 
Kloepper LN, Nachtigall PE, Donahue MJ, Breese M (2012a) Active echolocation beam 
focusing in the false killer whale, Pseudorca crassidens. J Exp Biol 215:1306–1312. doi: 
10.1242/jeb.066605 
Kloepper LN, Nachtigall PE, Quintos C, Vlachos SA (2012b) Single-lobed frequency-dependent 
beam shape in an echolocating false killer whale (Pseudorca crassidens). J Acoust Soc Am 
131:577–81. doi: 10.1121/1.3664076 
Knudsen EI, Konishi M (1979) Mechanisms of sound localization in the barn owl (Tyto alba). J 
Comp Physiol A 133:13–21. doi: 10.1007/BF00663106 
Koblitz JC, Wahlberg M, Stilz P, Madsen PT, Beedholm K, Schnitzler H-U (2012) Asymmetry 
and dynamics of a narrow sonar beam in an echolocating harbor porpoise. J Acoust Soc Am 
131:2315. doi: 10.1121/1.3683254 
Kral A, Hubka P, Heid S, Tillein J (2013) Single-sided deafness leads to unilateral aural 
preference within an early sensitive period. Brain 136:180–193. doi: 10.1093/brain/aws305 
Kumpik DP, Kacelnik O, King AJ (2010) Adaptive reweighting of auditory localization cues in 
response to chronic unilateral earplugging in humans. J Neurosci 30:4883–4894. doi: 
10.1523/JNEUROSCI.5488-09.2010 
Lammers MO, Au WWL, Aubauer R, Nachtigall PE (2004a) A comparative analysis of the 
95 
 
pulsed emissions of free-ranging Hawaiian spinner dolphins (Stenella longirostris). 
Echolocation bats dolphins Chicago Univ. Chicago Press. 414–419. 
Lammers MO, Au WWL, Aubauer R, Nachtigall PE (2004b) A comparative analysis of the 
pulsed emissions of free-ranging Hawaiian spinner dolphins. In: Thomas JA, Moss CF, 
Vater M (eds) Echolocation in bats and dolphins. University of Chicago Press, Chicago, pp 
414–419 
Leatherwood S, Perrin WF, Kirby VL, Hijbbs CL, Dahlheim M (1980) Distribution and 
movements of Risso’s Dolphin, Grampus griseus, in the Eastern North Pacific. Fish Bull 
77:951–963. 
Leatherwood S, Reeves RR, Foster L (1983) The Sierra Club handbook of whales and dolphins. 
Tien Wah Press, Singapore 
Lindberg DR, Pyenson ND (2007) Things that go bump in the night: Evolutionary interactions 
between cephalopods and cetaceans in the tertiary. Lethaia 40:335–343. doi: 
10.1111/j.1502-3931.2007.00032.x 
Linnenschmidt M, Wahlberg M, Damsgaard Hansen J (2013) The modulation rate transfer 
function of a harbour porpoise (Phocoena phocoena). J Comp Physiol A Neuroethol 
Sensory, Neural, Behav Physiol 199:115–126. doi: 10.1007/s00359-012-0772-8 
Litchfield C, Greenberg AJ (1974) Comparative lipid patterns in the melon fats of dolphins, 
porpoises and toothed whales. Comp Biochem Physiol Part B Comp Biochem 47:401–407. 
doi: 10.1016/0305-0491(74)90069-8 
Litchfield C, Karol R, Mullen ME, Dilger JP, Lüthi B (1979) Physical factors influencing 
refraction of the echolocative sound beam in delphinid cetaceans. Mar Biol 52:285–290. 
doi: 10.1007/BF00398142 
Mackay RS, Liaw HM (1981) Dolphin vocalization mechanisms. Science (80- ) 212:676–678. 
doi: 10.1126/science.212.4495.676 
Madsen PT, Kerr I, Payne R (2004a) Source parameter estimates of echolocation clicks from 
wild pygmy killer whales (Feresa attenuata). J Acoust Soc Am 116:1909–1912. doi: 
10.1121/1.1788726 
Madsen PT, Kerr I, Payne R (2004b) Echolocation clicks of two free-ranging, oceanic delphinids 
with different food preferences: false killer whales Pseudorca crassidens and Risso’s 
dolphins Grampus griseus. J Exp Biol 207:1811–1823. doi: 10.1242/jeb.00966 
Malins DC, Varanasi U (1975) Cetacean biosonar, part II: the biochemistry of lipids in acoustic 
tissues. In: Malins DC, Sargent JR (eds) Biochemical and biophysical perspectives in 
marine biology. Academic Press, New York, pp 237–287 
Mann D et al (2010) Hearing loss in stranded odontocete dolphins and whales. PLoS One 5:1–5. 
doi: 10.1371/journal.pone.0013824 
McCormick JG, Wever EG, Palin J (1970) Sound conduction in the dolphin ear. J Acoust Soc 
96 
 
Am 48:1418–1428. doi: 10.1121/1.1912302 
McCormick JG, Wever EG, Ridgway SH, Palin J (1980) Sound reception in the porpoise as it 
relates to echolocation. In: Busnel RG, Fish JF (eds) Animal sonar systems. Springer US, 
Boston, MA, pp 449–467 
Mckenna MF, Cranford TW, Berta A, Pyenson ND (2012) Morphology of the odontocete melon 
and its implications for acoustic function. Mar Mammal Sci 28:690–713. doi: 
10.1111/j.1748-7692.2011.00526.x 
McPartland JL, Culling JF, Moore DR (1997) Changes in lateralization and loudness judgements 
during one week of unilateral ear plugging. Hear Res 113:165–172. doi: 10.1016/S0378-
5955(97)00142-1 
Mead JG (1975) Anatomy of the external nasal passages and facial complex in the Delphinidae 
(Mammalia: Cetacea). Smithson Contrib to Zool 1–35. doi: 10.5479/si.00810282.207 
Mignucci-Giannoni AA, Toyos-González GM, Pérez-Padilla J, Rodríguez-López MA, Overing J 
(2000) Mass stranding of pygmy killer whales (Feresa attenuata) in the British Virgin 
Islands. J Mar Biol Assoc United Kingdom 80:759–760. doi: 10.1017/S0025315499002702 
Møhl B, Au WWL, Pawloski J, Nachtigall PE (1999) Dolphin hearing: relative sensitivity as a 
function of point of application of a contact sound source in the jaw and head region. J 
Acoust Soc Am 105:3421–3424. 
Møhl B, Wahlberg M, Madsen PT, Miller LA, Surlykke A (2000) Sperm whale clicks: 
Directionality and source level revisited. J Acoust Soc Am 107:638–648. doi: 
10.1121/1.428329 
Montie EW, Manire CA, Mann DA (2011) Live CT imaging of sound reception anatomy and 
hearing measurements in the pygmy killer whale, Feresa attenuata. J Exp Biol 214:945–
955. doi: doi:10.1242/jeb.051599 
Mooney TA, Li S, Ketten DR, Wang K, Wang D (2011) Auditory temporal resolution and 
evoked responses to pulsed sounds for the Yangtze finless porpoises (Neophocaena 
phocaenoides asiaeorientalis). J Comp Physiol A Neuroethol Sensory, Neural, Behav 
Physiol 197:1149–1158. doi: 10.1007/s00359-011-0677-y 
Mooney TA, Li S, Ketten DR, Wang K, Wang D (2014) Hearing pathways in the Yangtze finless 
porpoise, Neophocaena asiaeorientalis asiaeorientalis. J Exp Biol 217:444–52. doi: 
10.1242/jeb.093773 
Mooney TA, Nachtigall PE, Castellote M, Taylor KA, Pacini AF, Esteban JA (2008) Hearing 
pathways and directional sensitivity of the beluga whale, Delphinapterus leucas. J Exp Mar 
Bio Ecol 362:108–116. doi: 10.1016/j.jembe.2008.06.004 
Mooney TA, Nachtigall PE, Taylor KA, Rasmussen MH, Miller LA (2009) Auditory temporal 
resolution of a wild white-beaked dolphin (Lagenorhynchus albirostris). J Comp Physiol A 
Neuroethol Sensory, Neural, Behav Physiol 195:375–384. doi: 10.1007/s00359-009-0415-x 
97 
 
Mooney TA, Nachtigall PE, Yuen MML (2006) Temporal resolution of the Risso’s dolphin, 
Grampus griseus, auditory system. J Comp Physiol A Neuroethol Sensory, Neural, Behav 
Physiol 192:373–380. doi: 10.1007/s00359-005-0075-4 
Mooney TA, Yang W-C, Yu HY, Ketten DR, Jen I-F (2015) Hearing abilities and sound 
reception of broadband sounds in an adult Risso’s dolphin (Grampus griseus). J Comp 
Physiol A Neuroethol Sensory, Neural, Behav Physiol 201:751–761. doi: 10.1007/s00359-
015-1011-x 
Moore PW, Hall RW, Friedl WA, Nachtigall PE (1984) The critical interval in dolphin 
echolocation: what is it? J Acoust Soc Am 76:314–7. doi: 
doi:http://dx.doi.org/10.1121/1.391016 
Moore PWB, Pawloski DA, Dankiewicz LA (1995) Interaural time and intensity difference 
thresholds in the bottlenose dolphin (Tursiops truncatus). In: Kastelein RA, Thomas JA, 
Nachtigall PE (eds) Sensory systems of aquatic mammals. De Spil, Woerden, the 
Netherlands, pp 11–23 
Mulsow J, Reichmuth CJ (2007) Electrophysiological assessment of temporal resolution in 
pinnipeds. Aquat Mamm 33:122–131. doi: 10.1578/AM.33.1.2007.122 
Murchison AE (1980) Detection range and range resolution of echolocating bottlenose porpoise 
(Tursiops truncatus). In: Busnel R-G, Fish JF (eds) Animal sonar systems. Springer US, 
Boston, MA, pp 43–70 
Nachtigall PE (2016) Biosonar and sound localization in dolphins. Oxford University Press 
Nachtigall PE, Au WWL, Pawloski JL, Moore PWB (1995) Risso’s dolphin (Grampus griseus) 
hearing thresholds in Kaneohe Bay, Hawaii. In: Kastelein RA, Thomas JA, Nachtigall PE 
(eds) Sensory systems of aquatic mammals. De Spil, Woerden, the Netherlands, pp 49–53 
Nachtigall PE, Mooney TA, Taylor KA, Miller LA, Rasmussen MH, Akamatsu T, Teilmann J, 
Linnenschmidt M, Vikingsson GA (2008) Shipboard measurements of the hearing of the 
white-beaked dolphin Lagenorhynchus albirostris. J Exp Biol 211:642–647. doi: 
10.1242/jeb.014118 
Nachtigall PE, Mooney TA, Taylor KA, Yuen MML (2007) Hearing and auditory evoked 
potential methods applied to odontocete cetaceans. Aquat Mamm 33:6–13. doi: 
10.1578/AM.33.1.2007.6 
Nachtigall PE, Murchison AE, Au WWL (1980) Cylinder and cube shape discrimination by an 
echolocating blindfolded bottlenosed dolphin. In: Busnel RG, Fish JF (eds) Animal sonar 
systems. Springer US, Boston, MA, pp 945–947 
Nachtigall PE, Yuen MML, Mooney TA, Taylor K a (2005) Hearing measurements from a 
stranded infant Risso’s dolphin, Grampus griseus. J Exp Biol 208:4181–4188. doi: 
10.1242/jeb.01876 
Norris KS (1968) The evolution of acoustic mechanisms in odontocete cetaceans. In: Drake ET 
(ed) Evolution and environment. Yale University Press, New Haven, pp 297–324 
98 
 
Norris KS, Dohl TP (1980) Behavior of the Hawaiian spinner dolphin, Stenella longirostris. Fish 
Bull 77:821–849. 
Norris KS, Harvey GW (1974) Sound transmission in the porpoise head. J Acoust Soc Am 
56:659–664. doi: 10.1121/1.1903305 
Nummela S, Reuter T, Hemilä S, Holmberg P, Paukku P (1999a) The anatomy of the killer 
whale middle ear (Orcinus orca). Hear Res 133:61–70. doi: 10.1016/S0378-
5955(99)00053-2 
Nummela S, Wägar T, Hemilä S, Reuter T (1999b) Scaling of the cetacean middle ear. Hear Res 
133:71–81. doi: 10.1016/S0378-5955(99)00054-4 
O’corry-Crowe G (2009) Beluga whale, Delphinapterus leucas. In: Perrin W, Würsig B, 
Thewissen J (eds) Encyclopedia of marine mammals. Elsevier/Academic Press, pp 108–112 
Obrist MK, Fenton MB, Eger JL, Schlegel PA (1993) What ears do for bats: a comparative study 
of pinna sound pressure transformation in chiroptera. J Exp Biol 180:119–152. 
Oelschläger HA (1986) Comparative morphology and evolution of the otic region in toothed 
whales (Cetacea, Mammalia). Am J Anat 177:353–368. doi: 10.1002/aja.1001770306 
Ohizumi H, Isoda T, Kishiro T, Kato H (2003) Feeding habits of Baird’s beacked whale 
Berardius bairdii, in the western North Pacific and Sea of Okhotsk off Japan. Fish Sci 
69:11–20. doi: 10.1046/j.1444-2906.2003.00582.x 
Olson P (2009) Pilot whales, Globicephala melas and G. macrorhynchus. In: Perrin W, Würsig 
B, Thewissen J (eds) Encyclopedia of marine mammals. Elsevier/Academic Press, pp 847–
852 
Pacini AF (2011) Hearing sensitivities and sound pathways in odontocetes. University of Hawaii 
at Manoa 
Pacini AF, Nachtigall PE (2016) Hearing in whales and dolphins: relevance and limitations. In: 
Popper A, Hawkins A (eds) The effects of noise on aquatic life II. Springer, New York, NY, 
pp 801–807 
Pacini AF, Nachtigall PE, Kloepper LN, Linnenschmidt M, Sogorb A, Matias S (2010) 
Audiogram of a formerly stranded long-finned pilot whale (Globicephala melas) measured 
using auditory evoked potentials. J Exp Biol 213:3138–3143. doi: 10.1242/jeb.044636 
Pacini AF, Nachtigall PE, Quintos CT, Schofield TD, Look DA, Levine GA, Turner JP (2011) 
Audiogram of a stranded Blainville’s beaked whale (Mesoplodon densirostris) measured 
using auditory evoked potentials. J Exp Biol 214:2409–2415. doi: 10.1242/jeb.054338 
Pacini AF, Nachtigall PE, Smith AB, Suarez LJA, Magno C, Laule GE, Aragones L V., Braun R 
(2016) Evidence of hearing loss due to dynamite fishing in two species of odontocetes. 
10043:10043. doi: 10.1121/2.0000393 
Perrin WF (2009) Spinner dolphin, Stenella longirostris. In: Perrin WF, Wursig B, Thewissen 
99 
 
JGM (eds) Encyclopedia of marine mammals. Academic Press, pp 1100–1103 
Perrin WF, Dolar MLL, Chan CM, Chivers SJ (2005) Length-weight relationships in the spinner 
dolphin (Stenella longirostris). Mar Mammal Sci 21:765–778. doi: 10.1111/j.1748-
7692.2005.tb01264.x 
Perrin WF, Dolar MLL, Robineau D (1999) Spinner dolphins (Stenella longirostris) of the 
western Pacific and Southeast Asia: pelagic and shallow water forms. Mar Mammal Sci 
15:1029–1053. 
Philips JD, Nachtigall PE, Au WWL, Pawloski JL, Roitblat HL (2003) Echolocation in the 
Risso’s dolphin, Grampus griseus. J Acoust Soc Am 113:605–616. doi: 10.1121/1.4743810 
Plomp R (1976) Binaural and monaural speech intelligibility of connected discourse in 
reverberation as a function of azimuth of a single competing sound source (speech or noise). 
Acustica 34:200–211. 
Popov V, Supin A (1990a) Electrophysiological studies of hearing in some cetaceans and a 
manatee. In: Thomas JA, Kastelein RA (eds) Sensory abilities of cetaceans: laboratory and 
field evidence. Springer US, Boston, MA, pp 405–415 
Popov V, Supin AY (1988) Diagram of auditory directionality in the dolphin, Tursiops truncatus 
L. Dokl Biol Sci 300:232–236. 
Popov VV, Supin AY (1991) Interaural intensity and latency difference in the dolphin’s auditory 
system. Neurosci Lett 133:295–297. doi: 10.1016/0304-3940(91)90592-H 
Popov V V., Supin AY (1998) Auditory evoked responses to rhythmic sound pulses in dolphins. 
J Comp Physiol - A Sensory, Neural, Behav Physiol 183:519–524. doi: 
10.1007/s003590050277 
Popov V V., Supin AY (1990b) Localization of the acoustic window at the dolphin’s head. In: 
Thomas JA, Kastelein RA (eds) Sensory abilities of cetaceans: laboratory and field 
evidence. Plenum Press, New York, pp 417–426 
Popov V V., Supin AY (2009a) Comparison of directional selectivity of hearing in a beluga 
whale and a bottlenose dolphin. J Acoust Soc Am 126:1581–1587. doi: 10.1121/1.3177273 
Popov V V., Supin AY, Klishin VO (1992a) Electrophysiological study of sound conduction in 
dolphins. In: Thomas JA, Kastelein RA, Supin AY (eds) Marine mammal sensory systems. 
Plenum New York, London, pp 269–276 
Popov V V., Supin AY, Klishin VO (1992b) Electrophysiological study of sound conduction in 
dolphins. In: Thomas JA, Kastelein RA, Supin AY (eds) Marine mammal sensory systems. 
Springer US, Boston, MA, pp 269–276 
Popov V V., Sysueva E V., Nechaev DI, Lemazina AA, Supin AY (2016) Auditory sensitivity to 
local stimulation of the head surface in a beluga whale (Delphinapterus leucas). J Acoust 
Soc Am 140:1218–1226. doi: 10.1121/1.4961014 
100 
 
Popov V V, Supin AY (2009b) Comparison of directional selectivity of hearing in a beluga 
whale and a bottlenose dolphin. J Acoust Soc Am 126:1581. doi: 10.1121/1.3177273 
Popov V V, Supin AY, Klishin VO, Bulgakova TM (2003) Sensitivity of dolphin’s hearing as a 
function of the sound-source position. 392:556–559. 
Popov V V, Supin AY, Klishin VO, Bulgakova TN (2006) Monaural and binaural hearing 
directivity in the bottlenose dolphin: Evoked-potential study. J Acoust Soc Am 119:636–
644. doi: 10.1121/1.2141093 
Popov V V, Supin AY, Klishin VO, Tarakanov MB, Pletenko MG (2008) Evidence for double 
acoustic windows in the dolphin, Tursiops truncatus. J Acoust Soc Am 123:552–60. doi: 
10.1121/1.2816564 
Quetglas A, Carbonell A, Sánchez P (2000) Demersal continental shelf and upper slope 
cephalopod assemblages from the Balearic Sea (north-western Mediterranean). Biological 
aspects of some deep-sea species. Estuar Coast Shelf Sci 50:739–749. doi: 
10.1006/ecss.1999.0603 
Rasmussen MH, Wahlberg M, Miller LA (2004) Estimated transmission beam pattern of clicks 
recorded from free-ranging white-beaked dolphins (Lagenorhynchus albirostris). J Acoust 
Soc Am 116:1826–1831. doi: 10.1121/1.1775274 
Renaud DL, Popper AN (1975) Sound localization by the bottlenose porpoise Tursiops 
truncatus. J Exp Biol 63:569–585. 
Ridgway SH, Carder DA, Green RF, Gaunt AS, Gaunt SLL, Evans WE (1980) 
Electromyographic and pressure events in the nasolaryngeal system of dolphins during 
sound production. In: Busnel R, Fish J (eds) Animal sonar systems. Plenum, New York, 
NY, pp 239–249 
Rommel SA, Pabst DA, McLellan WA (2009) Skull anatomy. In: Perrin WF, W rsig BG, 
Thewissen JGM (eds) Encyclopedia of marine mammals. Academic Press, pp 1033–1047 
Rossbach KA, Herzing DL (1997) Underwater observations of benthic-feeding bottlenose 
dolphins (Tursiops truncatus) near Grand Bahama Island, Bahamas. Mar Mammal Sci 
13:498–504. doi: 10.1111/j.1748-7692.1997.tb00658.x 
Schlundt CE, Dear RL, Houser DS, Bowles AE, Reidarson T, Finneran JJ (2011) Auditory 
evoked potentials in two short-finned pilot whales (Globicephala macrorhynchus). J Acoust 
Soc Am 129:1111–6. doi: 10.1121/1.3531875 
Schotten M, Au WWL, Lammers MO, Aubauer R (2004) Echolocation recordings and 
localization of wild spinner dolphins (Stenella longirostris) and pantropical spotted dolphins 
(S. attenuata) using a four hydrophone array. In: Thomas JA, Moss CF, Vater M (eds) 
Echolocation in bats and dolphins. University of Chicago Press, Chicago, pp 393–400 
Schusterman RJ, Kersting DA, Au WWL (1980) Stimulus control of echolocation pulses in 
Tursiops truncatus. In: Busnel RG, Fish F (eds) Animal sonar systems. Springer US, 
Boston, MA, pp 981–982 
101 
 
Slattery WH, Middlebrooks JC (1994) Monaural sound localization: Acute versus chronic 
unilateral impairment. Hear Res 75:38–46. doi: 10.1016/0378-5955(94)90053-1 
Starkhammar J, Moore PW, Talmadge L, Houser DS (2011) Frequency-dependent variation in 
the two-dimensional beam pattern of an echolocating dolphin. Biol Lett 7:836–9. doi: 
10.1098/rsbl.2011.0396 
Stebbins WC, Sommers MS (1992) Evolution, perception, and the comparative method. In: 
Webster DB, Fay RR, Popper AN (eds) The evolutionary biology of hearing. Springer-
Verlag, New York, pp 211–228 
Supin AY, Popov V V. (1995a) Temporal resolution in the dolphin’s auditory system revealed 
by double-click evoked potential study. J Acoust Soc Am 97:2586–2593. doi: 
10.1121/1.411913 
Supin AY, Popov V V., Mass AM (2001) The sensory physiology of aquatic mammals. Springer 
US, Boston, MA 
Supin AY, Popov V V (1993) Direction-dependent spectral sensitivity and interaural spectral 
difference in a dolphin: evoked-potential study. J Acoust Soc Am 93:3490–3495. doi: 
10.1121/1.405679 
Supin AY, Popov V V (1995b) Envelope-following response and modulation transfer function in 
the dolphin’s auditory system. Hear Res 92:38–46. doi: 10.1016/0378-5955(95)00194-8 
Szymanski MD, Supin AY, Bain DE, Henry KR (1998) Killer whale (Orcinus orca) auditory 
evoked potentials to rhythmic clicks. Mar Mammal Sci 14:676–691. 
Thewissen JGM, Cooper LN, Clementz MT, Bajpai S, Tiwari BN (2007) Whales originated 
from aquatic artiodactyls in the Eocene epoch of India. Nature 450:1190–1194. doi: 
10.1038/nature06343 
Thewissen JGM, Hussain ST (1998) Systematic review of the Pakicetidae, early and middle 
Eocene Cetacea (Mammalia) from Pakistan and India. Bull Carnegie Museum Nat Hist 
34:220–238. 
Thomas JA, Turl CW (1980) Echolocation characteristics and range detection threshold of a 
false killer whale (Pseudorca crassidens). In: Thomas JA, Kastelein RA (eds) Sensory 
abilities of cetaceans: laboratory and field evidence. Plenum New York, pp 321–334 
Titov AA (1972) Investigation of sonic activity and phenomenological characteristics of the 
echolocation analyzer of Black Sea delphinids. Karadag 
Trehub SE, Henderson JL (1996) Temporal resolution in infancy and subsequent language 
development. J Speech Lang Hear Res 39:1315. doi: 10.1044/jshr.3906.1315 
Trehub SE, Schneider B a, Henderson JL (1995) Gap detection in infants, children, and adults. J 
Acoust Soc Am 98:2532–2541. doi: 10.1121/1.414396 
Turl CW (1991) The echolocation ability of the beluga (Delphinapterus leucas) to detect targets 
102 
 
in clutter. J Acoust Soc Am 89:896. doi: 10.1121/1.1894651 
Turl CW, Skaar DJ, Au WW (1991) The echolocation ability of the beluga (Delphinapterus 
leucas) to detect targets in clutter. J Acoust Soc Am 89:896–901. doi: 10.1121/1.1894651 
Tyack PL, Johnson M, Soto NA, Sturlese A, Madsen PT (2006) Extreme diving of beaked 
whales. J Exp Biol 209:4238–53. doi: 10.1242/jeb.02505 
Urick RJ (1983) Principles of underwater sound. Tata McGraw-Hill Education, New York 
Van Wanrooij MM, Van Opstal AJ (2007) Sound localization under perturbed binaural hearing. 
J Neurophysiol 97:715–726. doi: 10.1152/jn.00260.2006 
Van Wanrooij MM, Van Opstal AJ (2004) Contribution of head shadow and pinna cues to 
chronic monaural sound localization. J Neurosci 24:4163–4171. doi: 
10.1523/JNEUROSCI.0048-04.2004 
Verfuß UK, Miller LA, Pilz PK, Schnitzler H-U (2009) Echolocation by two foraging harbour 
porpoises (Phocoena phocoena). J Exp Biol 212:823–834. doi: 10.1242/jeb.022137 
Wahlberg M, Delgado-García L, Kristensen JH (2017) Precocious hearing in harbour porpoise 
neonates. J Comp Physiol A Neuroethol Sensory, Neural, Behav Physiol 203:121–132. doi: 
10.1007/s00359-017-1145-0 
Wazen JJ, Ghossaini SN, Spitzer JB, Kuller M (2005) Localization by unilateral BAHA users. 
Otolaryngol - Head Neck Surg 132:928–932. doi: 10.1016/j.otohns.2005.03.014 
Wells RS, Manire CA, Byrd L, Smith DR, Gannon JG, Fauquier D, Mullin KD (2009) 
Movements and dive patterns of a rehabilitated Risso’s dolphin, Grampus griseus, in the 
Gulf of Mexico and Atlantic Ocean. Mar Mammal Sci 25:420–429. doi: 10.1111/j.1748-
7692.2008.00251.x 
Wells RS, Scott MD (2009) Common bottlenose dolphin, Tursiops truncatus. In: Perrin WF, 
Würsig B, Thewissen JGM (eds) Encyclopedia of marine mammals. Elsevier/Academic 
Press, pp 249–255 
Werner LA, Marean GC, Halpin CF, Spetner NB, Gillenwater JM (1992) Infant auditory 
temporal acuity: gap detection. Child Dev 63:260–272. doi: 10.1111/j.1467-
8624.1992.tb01625.x 
Wever EG (1976) Origin and evolution of the ear of vertebrates. In: Masterton RB, Bitterman 
ME, Campbell CBG, Hotton N (eds) Evolution of brain and behavior in vertebrates. 
Lawrence Erlbaum, Hillsdale, New Jersey, pp 89–105 
Wiegrebe L, Schmidt S (1996) Temporal integration in the echolocating bat, Megaderma lyra. 
Hear Res 102:35–42. doi: 10.1016/S0378-5955(96)00139-6 
Williams EM (1998) Synopsis of the earliest cetaceans: Pakicetidae, Ambulocetidae, 
Remingtonocetidae, and Protocetidae. In: Thewissen JGM (ed) The emergence of whales: 
evolutionary patterns in the origin of Cetacea. Plenum Press, New York, pp 1–28 
103 
 
Wisniewska DM, Ratcliffe JM, Beedholm K, Christensen CB, Johnson M, Koblitz JC, Wahlberg 
M, Madsen PT (2015) Range-dependent flexibility in the acoustic field of view of 
echolocating porpoises (Phocoena phocoena). Elife 4:e05651. doi: 10.7554/eLife.05651 
Yanagisawa K, Sato G, Nomoto M, Katsuki Y, Ikezono E, Grinnell AD, Al. E (1966) Federation 
proceedings. Physiology (Abstract). In: Federation proceedings. Physiology (Abstract). p 
1539 
Yuen MML, Nachtigall PE, Breese M, Supin AY (2005) Behavioral and auditory evoked 
potential audiograms of a false killer whale (Pseudorca crassidens). doi: 
10.1121/1.2010350 
Zimmer WMX, Johnson MP, Madsen PT, Tyack PL (2005) Echolocation clicks of free-ranging 
Cuvier’s beaked whales (Ziphius cavirostris). J Acoust Soc Am 117:3919. doi: 
10.1121/1.1910225 
  
